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FOREWORD

The Reactor Development Program Progress Report, issued
monthly, is intended to be a means of reporting those items
of significant technical progress which have occurred in both
the specific reactor projects and the general engineering re-
search and development programs. The report is organized
in accordance with budget activities in a way which, it is
hoped, gives the clearest, most logical overall view of prog-
ress. Since the intent is to report only items of significant
progress, not all activities are reported each month. In
order to issue this report as soon as possible after the end
of the month editorial work must necessarily be limited.
Also, since this is an informal progress report, the results
and data presented should be understood to be preliminary
and subject to change unless otherwise stated.

The issuance of these reports is not intended to constitute
publication in any sense of the word. Final results either
will be submitted for publication in regular professional
journals or will be published in the form of ANL topical
Feports,

The last six reports issued
in this series dre:

April-May 1969 ANL-7577
June 1969 ANL-7581
July 1969 ANL-17595
August 1969 ANL-7606
September 1969 ANL-7618

October 1969 ANL-7632
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REACTOR DEVELOPMENT PROGRAM

Highlights of Project Activities for November 1969

EBR-II

The test-1 instrumented subassembly was installed in the reactor,
given a successful operational checkout, and then removed from the core.
The instrument leads were cut cleanly by the lead-cutting tool; the sub-
assembly separated smoothly from its extension tube. The test-2 (fueled)
instrumented subassembly is in the primary tank being made ready for
installation in the core.

Personnel entered the air cell of the Fuel Cycle Facility for the
first time since the cell began closed operation in 1965. Direct maintenance
is being performed on equipment that could not be serviced remotely during
the more than four years of closed operation. Concurrently, electrical,
instrument, and pneumatic services are being installed for new in-cell ex-
amination equipment.

The 18 unique xenon tags on hand are estimated to be sufficient for
EBR-II xenon-tagging needs through mid-1970. Efforts are made to ensure
a sufficient number of the tags for future needs. Two new series of xenon
tags are being developed and techniques for injecting and measuring the
tags are being refined.

ZPR-3

»

Assembly 58, a simple, benchmark, plutonium-carbon system, has a
critical mass of 101.63 kg Pu-239 and 0.28 kg Pu-241. The depleted-uranium
reflected core was assembled unsymmetrically about the reactor midplane
to accommodate a subsequent lead-reflected core. Effective source strength,
rod worth, and central neutron spectrum have been measured.

ZPR-6

The loading of Assembly 6A, the 4000-1liter **U core has been com-
pleted. The determination of the critical mass of the uniform core is under
way. Rod worth, fuel worth, and central neutron spectra in voided and un-
voided regions have been measured.

ZPR-9
In preparation for the FTR-3 plutonium-core loading, the matrix
tubes and drawers were decontaminated and checked for horizontal and

vertical alignment at experimental locations. Inner and outer core regions
and the reflector have been preloaded with all materials except fuel plates.
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ZPER

Computational methods were checked by comparison with worth data
obtained during the stepwise removal of the boron control ring and the si-
multaneous depletion of the central zone in FTR-2; quite satisfactory
agreement was obtained. The core was further characterized by radial
reaction-rate traverses, activation profiles, and central fission ratios.
Before the experiments on the FTR-2 assembly were concluded, meas-
urements of fast-neutron spectra were made by a proton-recoil technique
in the reflector and shield.
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I. LIQUID METAL FAST BREEDER REACTORS--CIVILIAN

A. Physics Development--LMFBR

1. Theoretical Reactor Physics

a. General Reactor Physics

(i) Resonance and Doppler Theory (R. N. Hwang)

Last Reported: ANL-7553, pp. 6-7 (Feb 1969).

It is known that the fission widths deduced from values of a
in the keV region do not agree with those deduced from a single-level
analysis of the resolved resonances. The mean fission widths (l:f) of the
resolved resonances are compared in Table I.A.]1 with the mean values,
which were recently obtained from a-values in the keV region with the
assumption of channel theory.* Disagreements are very prominent for
U-233 and U-235. The following three causes are considered to explain
these disagreements.

1) Ff may have an intermediate fluctuation due to the
existence of the second minimum point in the fission potential** (double-
humped potential).

2) As the mean value is deduced from relatively few
resonances in the resolved region, the statistical deviation due to the small
sampling may cause these disagreements.

3) The resolved resonances may not be real resonances
but quasi-resonances, as the ratio of F/D is large for the fissile nuclides.
In this case two wide resonances are observed as a single narrow resonance.

First, the intermediate structure of _l:‘f is prominent for a
subthreshold channel. Hence this effect must be very small for U-233,
U-235, and Pu-241, as these nuclides have at least one fully open channel
for each spin state from the assumption of channel theory.* On the other
hand, the 11 state of Pu-239 has only a slightly open channel and the inter-
mediate structure of Tf is very important. The giant resonance-like
behavior of o and of can be explained with this intermediate structure of
T¢. This problem of I’ for Pu-239 is very interesting and very complicated.
Here U-233, U-235, and Pu-241 will be considered.

*Kikuchi, Y., and An, S., submitted to J. Nucl. Sci. Tech.
** Lynn, J. E., AERE-R-5891 (1968).
fLynn, J. E., The Theory of Neutron Resonance Reactions, Clarendon Press, Oxford (1968).




TABLE I.A.1. Comparison of the Average Fission Widths
Deduced from Average Values of a and
from the Resolved Resonances

I'¢ from a?

Nuclide J7 (MeV) I'y from the Resolved Resonances
233+ +
U 2 1140 b
314 (E 60 eV
3f 467 (AR
235 =
20 3 380 5 d
- o 65.1° (E, < 50} or TEES (H S Ns)
e o 2600 2800°
i 12 55
ZeppEe ot 654 4434
3t 280 280

aKikuchi, Y., and An, S., submitted to J. Nucl. Sci. Tech.
bStern, J. R., BNL-325, 2nd ed., Suppl. 2.

€Schmidt, J. J., KFK-120 (1966).

dyiftah, S., et al., IA-1152 (1967).

Secondly, the statistical deviations due to the small sampling
are investigated. The random-number method is used for this purpose. The
process is as follows:

The mean values of fission width, reduced neutron width,
and level spacing are given as the input data. The mean values deduced
from the value of @ in the keV region are used for the input data for fission
width. The energies and the resonance parameters of each resonance are
determined from these input data and random numbers using the Wigner
distribution and the x* distribution, respectively, below several tens of eV.
From this set of resonance levels, the averaged value of the fission width,
the capture and fission cross sections, and o are calculated. These
average values are expressed with a bar (_f,af,ac, @). This Ff is, of course,
different from the input value because of the statistical deviation of the
small sampling.

The calculations are repeated 400 times for each nuclide in
order to study the statistical behavior of e as, Oc, and a. The mean values

of each averaged value after 400 histories are expressed by a bracket
(< Ff> )

The input data and the mean values of 400 histories are
listed in Table I.A.2. The 90% confidence intervals are tabulated and com-
pared with the resolved resonance parameters in Table I.A.3.



TABLE I.A.2. Input and Output Mean Values

ZJSU ZJSU Zﬂpu
2 gt T 4" 2t 3t

Spin Energy Range: <63 eV <50 eV <63 eV
Input D, eV 1.88 1.62 1.06 1.06 2.04 1.76
re, (Mev)Y? 0.207 0.178 0,097  0.097 _0.265  0.229
Ty, MeV 1139 467 380 212 655 280
v, 4 2 3 2 2 1
T, MeV 45 45 47.9 47.9 44 44
Output <>, MeV 1133 458 377 210 661 276

> a

<I‘EJ'M"‘)>. MeV 772 293 453

<a> 0.169 0.362 0.418

<0og>, b 84.7 67.4 83.1

<o oih 14.0 24.0 33.6

2Mean value of both spin sequences.

TABLE I.A.3. The Deviation of the Average Values

(90% Confidence Intervals)

233U Z35U lepu
Ge/<Ge> 0.66  1.65 0.66  1.39 0.53 1.65
5¢/<5p> (10 e 0.69  1.31 0.66 1.4l
a/<a> 0.61 1.60 0.68 1.39 0.55 1777
I—‘EI"/Z)/< T> 0579 11420 oleg 170 0.71 1.34
1:£1+‘/2)/<F> 072120 Oife., 5127 0.62  1.40
FiJ'Mi")/<T> 0.82 1.19 0.81 1.18 0.76 1.26

_I:!- in resolved region 0.44 (BNL-325) 0.22 (BNL-325) (2%)0.68

(1IA-1152)
T/<T> 0.42 (ENDF/B) (3%) 0.61

Although 400 histories are not enough, the following rough
conclusions are possible:

1) The statistical deviation of Ff is small, although those
for 5{, Ec' and @ are relatively large.

2) The disagreements between the fission widths deduced
in the keV region and those in the resolved region cannot be explained on the
basis of statistical behavior for U-233 and U-235.

3) The average fission widths in the resolved region are
just on the minimum border line of 90% confidence intervals for Pu-241,
and the decision is very difficult.



Finally, quasi-resonance interpretation will be discussed.
When the ratio F/D is large, the observed resonances do not correspond to
the eigenstates of the R matrix, but to quasi-resonances in which the mean
fission widths of the levels are greatly underestimated and their spacing
overestimated because of the interference between levels.

The probability of occurrence of the quasi-resonance was
proposed by Lynn.* He considered the relative magnitude of the sum of the
total widths (x) of two neighboring levels to their spacing (D). According to
his criteria, the probability that x is greater than a factor of k multiplied
by D is given as

1 e 5 oy 2 N
P (e =alcD) ) = m(é) F f dD e mD /4D / dx x” levx/zx‘
D 0 kD

where v is the number of degrees of freedom of total width. A slight quasi-
resonance effect will appear for k = 2 and dramatic quasi-resonance effects
can be expected for k = 4.

In our case where the fission widths predominate over the
other partial widths, we can replace the total widths with the fission widths.
The probabilities of occurrence for the quasi-resonance are calculated and
shown in Table I.A.4 for each spin state.

TABLE 1.A.4. The Probabilities of Quasi-resonance Effects

Nuclide Spin Vg P(x =D) P(X = D)
233 2 - 0.25 0.099
u +
3 2 0.10 0.056
235 2 3 0.19 0.056
4- 2 0.10 0.029
241p, 2t 2 0.10 0.029
3t 1 0.036 0.0097

Suppose that the widths of the quasi-resonances are negli-
gibly small and <I'f> values are corrected to be smaller. The corrected

< l"f) are tabulated and compared with the resolved resonance parameters
in Table I.A.5.

As a final conclusion, disagreements for U-233 and U-235
cannot be explained, even if the quasi-resonance effects are considered.

*
Lynn, J. E., The Theory of Neutron Resonance Reactions, Clarendon Press, Oxford (1968).




TABLE 1.A.5. The Comparisons after Corrected with the Quasi-resonance Effect

Tt (MeV)
Nuclide Spin Mean Value 90% Confidence Interval ff in Resolved Region
2t 855 675-1026
] 3t 420 302-542
J-mix 611 501-727 314
3= 304 243-365
Sy 4" 191 141-243
J-mix 247 200-291 65.1 or 121
27 595 422-797 443
Hlpy git 266 165-372 280
J-mix 418 318-526

The fission widths from channel theory are not defined
precisely for U-233 and Pu-241 because of lack of sufficient experimental
data for a from which they are deduced. The fission widths of U-235 are,
however, deduced very precisely. Hence it is very disturbing that the
disagreements for U-235 cannot be explained by means of the three possible
causes considered above. This problem will be pursued.

(ii) Analysis of Neutronic Characteristics of Reactors and
Fuel Cycles (D. A. Meneley)

Last Reported: ANL-7632, pp. 2-4 (Oct 1969).

An evaluation of neutron cross sections to be used in the
core design study of a 1000-MWe LMFBR has been conducted. The study
has centered around the cross sections produced from ENDF/B, and also
around modifications of those cross sections for U-238 and Pu-239. The
evaluation consisted of comparing neutronic quantities calculated with
ENDF/B and modified cross sections to experimental results for appro-
priate critical assemblies.

The modifications are based on recent experiments and
analytical comparisons. Recent measurements at Argonne of the U-238
cross sections have resulted in lower values of the inelastic-scattering
cross section above 1.0 MeV. Small changes in 0(7,Yy) of U-238 have been
included between 4 and 100 keV. The Pu-239 capture and fission cross
sections of Pitterle have been modified between 2 and 183 keV to take
account of the evaluation of James and Patrick* and the fission-ratio
(239Pu/235U) measurement of Poenitz,** but the values of o have been held
constant.

*Jam&s, G. A., and Patrick, B. H., AERE-M-2065 (Amended) (1965).
Poenitz, W., Trans. ANS 12(2), 742 (1969).



The neutronic parameters obtained with the new cross-
section set, as well as a set generated from an earlier edition of ENDF/B,
were compared with experimental results from ZPR-3 Assembly 48 and
ZEBRA 3. Both critical assemblies were loaded with Pu-239 and U-238.
Assembly 48 also contained sodium and carbon, which resulted in a softer
spectrum than exhibited by ZEBRA 3. The atom densities for Assembly 48
and ZEBRA 3 are given in Table I.A.6. The values for the 1000-MWe core
are provided for comparison.

TABLE I.A.6. Core Compositions of Assembly 48, ZEBRA 3,
and 1000-MWe LMFBR (10%* atoms/cm?)

1000-MWe
Nuclide Assembly 48 ZEBRA 3 LMFBR?
Pu-239 1.645 x 1073 3.465 x 1073 8.6976 x 107*
Pu-240 1.07 x 10~* 1831 107 3.683 x 107*
Pu-241 IS0 TebE =1 082 4.9699 x 10°°
Pu-242 4 x10-7 = 2.6105 x 107°
U-235 1.6 x 10°° 2028 < 105" 1.0387 x 10°°
U-238 7.405 x 1073 3.156 x 1073 6.7042 x 1073
Fe 1.018 x 1072 4559 x 1073 135325 =00 ma
Ni 1.119 x 1073 320x 10;° 2:32128 = 103"
Cr 2.531 x 1073 8.18 x 107* 3.2884 x 1073
Na 6.23 x 1072 : 7.7833 x 1073
Mn 1.06 x 107* = -
Mo 2.06 x 10°* £ 4.836 x 107*
Al 2133 0" & N
C 2.077 x 1072 = _
Cu - 4.794 x 1073 i
Ta = - 9.0688 x 10-°
o - . 1.6681 x 102

dFission products not included in table.

The neutron calculations were carried out in the same pro-
cedure as were used in benchmark studies of the Cross Section Evaluation
Working Group (CSEWG).* First, two 26 broad-group sets with 1/2 lethargy
widths were generated by MC? using the current ENDF/B library tape and
core compositions of Assembly 48 and ZEBRA 3. The Pitterle data for
Pu-239 were used to generate the weighting spectra for the two sets. The
other nuclide data employed in producing the weighting spectra were the
same as for the earlier ENDF/B.

*Davey, W. G., and Hess, A. L., CSEWG Newsletter, Feb. 21, 1969.



Then a series of spherical transport (S, = 4) calculations
were performed to evaluate the effect of the various cross sections on the
eigenvalue of Assembly 48 and ZEBRA 3. The results are presented in
Table I.LA.7. A previously developed cross section set,* which was obtained
from an earlier ENDF/B tape without Pitterle's data for Pu-239, served as
the set for Case A. The new ENDF/B tape, with both old and new data, was
used to produce the new cross-section set for Cases B through G. Cases C
through G represent variations upon the base problem, Case B.

TABLE 1.A.7. Eigenvalues Obtained for ZPR-3 Assembly 48 and ZEBRA 3
from Spherical Transport Calculations Using Various Cross Sections

"Old" Set "New" Set with Present ENDF/B
Case: A B C D E B G
Earlier Pitterle's Mod. Mod. Case A's Pitterle's
Critical ENDF/B Pu-239 U-238 U-238, Pu-239 Pu-239 Mo U-2381
ZPR-3
Assembly 48 0.9865 0.9882 1.0038 0.9957 0.9878 0.9895 0.9894
ZEBRA 3 0.9536 0.9752 1.0033 0.9990 0.9567 - 0.9911

Case B differs from Case A only in that Pitterle's data for
Pu-239 were used in the generating of the weighting spectra and in calcu-
lating the eigenvalues. The broad-group cross sections for U-238 have
been modified in Case C, and those for both U-238 and Pu-239 have been
modified in Case D (as described above). Case E used the Pu-239 cross
sections from Case A and the cross sections from Case B for all other
nuclides; new molybdenum cross sections were substituted for the previous
ones in Case F. Case G used U-238 cross sections in which previous total
inelastic data obtained at ANL were substityted for the ENDF/B values.

The use of the new cross-section set with its various
modifications brings the eigenvalues of Assembly 48 and ZEBRA 3 closer
to unity. The eigenvalues obtained with the modified Pitterle's Pu-239 and
U-238 (ENDF/B‘S) cross sections are 0.9957 for Assembly 48 and 0.9990
for ZEBRA 3. The modification for molybdenum (Case F) results in an
additional 0.13% increase in kggf. The use of Pitterle's Pu-239 data
(unmodified) instead of the ENDF/B data yields an ~0.5% and ~2.3% increase
in the eigenvalue of Assembly 48 and ZEBRA 3, respectively (Cases BandE).
A larger increase of the eigenvalue with Pitterle's data was seen in ZEBRA 3
because its harder spectrum reduces the negative effect of a higher capture
cross section in the low keV region, while the positive contribution of
higher v values remained relatively unchanged. The modification of the
U-238 inelastic scattering cross sections produced (Case C) an increase
in the keff's of both criticals; the larger increase in ZEBRA 3's eigenvalue
is again due to its harder spectrum. The eigenvalues of both criticals were
reduced by 0.5-0.7% upon the modification to Pitterle's Pu-239 cross sec-
tions (Case D).

*Kalifelz, J. M., et al., ANL, private communication.



As was mentioned previously, the weighting spectra of the
new and old cross-section sets were generated from different Pu-239 data;
otherwise they were produced in an identical manner. The influence of the
slightly different weighting spectra is seen in the slightly different results
for Cases A and E. The change of U-238 inelastic cross section in (Case G)
resulted in increasing the eigenvalue of both criticals, but not as large as
was produced by the modification in Case C.

The modifications to the present ENDF/B improve agree-
ment between the measured and calculated values presented here and are

being incorporated into the cross section set for the core design study.

b. Fast Critical Experiments--Theoretical Support--Idaho

(i) ZPR Heterogeneity Method Development (W. G. Davey and
R. G. Palmer)

Last Reported: ANL-7606, pp. 8-11 (Aug 1969).

(a) Extended Equivalence between Homogeneous and
Heterogeneous Resonance Integrals in Slabs. Currently nearly all codes for

preparation of cross-section sets utilize the two-region cell equivalence
principle in the resonance-energy range. This method gives good results
for the usual arrangement of power-reactor pin fuel. In many of the zero-
power fast criticals, however, a given resonance absorber can exist in
plates at different concentrations and with different diluents. For example,
U-238 in the ZPPR materials inventory exists in the forms U;0g, U,
Pu-U-Mo, and UO,. The object of this study has been to extend the equiva-
lence relation from the A-M-A-M... lattice to an A-M1-B-M2-A... lattice
and possibly beyond. Here M represents a diluent plate.

Based on Wigner's rational approximation, a typical
equivalence relation is'

. a I¥ekc

28 = T B T 1)
The notation throughout is that of Dresner;™ a and b are empirical con-
stants, usually about 1.27 and 1.2, respectively. In applying this simple
equivalence principle (SEP) to a lattice with four regions per unit cell, one
is forced to ignore any difference between absorber plates and to average
the Dancoff factors of the diluent plates. The derivation of the SEP has
been modified to treat four-region cells.

fLevine, M. M., Resonance Integral Calculations for U-238 Lattices, Nucl. Sci. Eng. 16, 271 (1963).
Dresner, L., Resonance Absorption in Nuclear Reactors, Pergamon Press (1960).




The resulting extended equivalence principle (EEP) for
absorber atoms in Plate A is

Q’NB’ZBCa
= lopa) +—— —=(1(0pp) - L(opa)), (2)
Npbp + Nglg
where
* afl = ¢ + (1.~ Cave) ICNBZB} 1
OpA - opA o = 1 ) 5
NB[‘B p3E S(b=icn on

NAEA 1+ Tcave +KNBEB
Natp

Here I(Op) is the homogeneous resonance integral corresponding to a non-

resonant cross section 0p. If ¢ and c; are the Dancoff factors for the two-
moderator regions, Caye = (cl+cz)/2. and ¢® = c,c,. Best values of a and

Kk appear to be 0.5 and 100, respectively. Note that the EEP reduces to the
SEP for the case in which the A and B plates are identical and c; = c,.

Extensive numerical comparisons were made of the
accuracy of the two equivalence prmc1p1es as applied to four-region unit
cells. The transport theory code RABID' was used to compute exact reso-
nance integrals for a wide range of parameters. The absorber plates were
taken to be 0.5 cm thick, and their absorber atom densities allowed to vary
from 0.0001 to 0.05 cm™ with the restriction that No and Np never differ
by more than a factor of 10 for any given lattice. The moderator region
thicknesses varied from 0.1 to ~5 mean free paths. Admixed diluent in the
absorber plates was permitted in widely varying amounts. Typical U-238
resonances were examined singly and in groups, and the EEP was never
found to be in error by more than 6%. However, the SEP varied considerably
in its accuracy. The results are given in Table I.A.8.

TABLE |.A.8. Comparison of Calculations of the Effective Resonance Integral (1)
by the Simple Equivalence Principle and the Extended Equivalence Principle

Plate A Plate B Moderator % Error in |
Plate SEP P
Absorber Diluent to Absorber Diluent to Thickness
(atoms/cm3) Absorber Ratio (atoms /cm3) Absorber Ratio (mfp) A-Plate B-Plate A-Plate B-Plate
0.05 4 0.01 0 0.098 12 -6.8 03 -4.2
0.393 -08 41 04 0.6
3.4 16 0.7 L6 0.5
0.001 4 0.01 0 0.098 51 -18 0.5 -0.8
0.393 20 =13 =22 <17
34 B 0.1 18 04
0.001 5 0.005 1 0.098 28 -4 =25 -0.3
0.393 10.5 -8.6 -2.8 -04
3.4 2.0 11 L7 13
0.01 0 0.01 5 0.098 -12.5 9.8 <35 L5
0.393 -4.0 16 0.1 -5
3.4 03 -0.1 04 -0.2

Resonance Parameters: Ep = 3783.7 eV; 'y = 0.2768 eV; I, = 0.0246 eV; g = 1.0.

tOlson, Ame, P., Resonance Absorption in Multiplate Reactor Cells by Integral Transport Theory, Trans, Am,
Nucl. Soc, 11, 301 (1968).




2. Experimental Reactor Physics

a. Fast Critical Experiments--Experimental Support--Idaho

(i) Neutron-spectrum Measurements--System Development
(S. G. Carpenter and G. G. Simons)

Last Reported: ANL-7561, pp. 3-4 (March 1969).

A small pulse-shape-identification (PSI) circuit designed
to distinguish between neutron- and gamma-ray-induced pulses in the
NE-213 scintillation solution has been constructed. This circuit, shown in
Fig. I.A.l, is an integral part of an operating high-efficiency fast-neutron-
spectrometer detector assembly consisting of the liquid organic scintillation
solution, light pipe, photomultiplier tube, tube voltage divider, preamplifier,
and static shield.

Identification of 7y radiation and neutrons is obtained by
comparing the shape of the pulse generated at the 14th dynode of an
RCA 6810A photomultiplier tube with a fixed pulse shape obtained by dif-
ferentiating and stretching the pulse generated by the current from the anode.

Following such identification in the above PSI circuit, the
PSI pulses are amplified and shaped in a pulse-shaping linear amplifier in
order to facilitate leading edge timing. The resulting separated logic signals
are unique in time for gamma rays and neutrons.

(ii) Neutron Spectra Measurements in FTR-2. Measurements
of fast-neutron spectra were made over the energy range from 329 eV to
2.37 MeV with the proportional proton-recoil spectrometer in the reflector
and shield of the ZPPR/FTR—Z. Neutron spectra were measured close to the
axial midplane at matrix positions 137-23 and 137-15, which correspond to
locations near the center of the reflector and shield annuli, respectively
(see Progress Report for October 1969, ANL-7632, Fig. I.A.5, p. 17).

The neutron spectrum measured in the reflector is shown
in Fig. I.A.2. For this measurement, the fueled safety, control, and poison

safety rods were completely withdrawn. Under these conditions, the reactor
was 1.67% Ak/k subcritical.

During the shield-spectrum measurement (see Fig. 1.A.3)
the reactor was 0.0896% Ak/k subcritical. All the poison rods were com-
pletely withdrawn. Also, Control Rods No. 1 at (135-39), No. 3 at (139-43),
and No. 4 at (239-43) were completely withdrawn. Control Rods No. 2 at
(239-35) and No. 5 at (139-35) and all fueled safety rods were completely
inserted, while Control Rod No. 6 at (235-39) was withdrawn 1.704 in.
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The data in the reflector spectrum clearly reflect the
presence of the nickel, which has large cross-section resonances at 15.5
and 65 keV. The cross-section minima in the nickel and iron at about

30 keV and slightly above 100 keV are evident, as well as the sodium reso-
nance at 2.8 keV.

Since the shield was composed primarily of stainless steel,
the major spectrum shape in the shield is a result of the large iron cross-
section resonances. However, the chromium resonance at 53 keV and the

sodium resonance at 2.8 keV account for the flux depressions at these
energies.



(iii) Development of Experimental Techniques (S. G. Carpenter)

(a) PBeff Studies
Not previously reported.

Experiments have been undertaken to investigate pos-
sible experimental errors in measuring reactivity. The usual point kinetics
model has been assumed and a search made for the areas most sensitive to
the approximations used.

The input parameters necessary in any of the various
methods of measuring reactivity are a power history in relative terms, the
effective delayed-neutron fractions for all isotopes, the neutron lifetime,
the effective spontaneous neutron source, and the decay constant for each
delayed-neutron group. The importance of the various constants depends
on the particular way the experiment is done. If the reactivity is reported
in dollars, one can obtain data so that the resulting reactivity is insensitive
to all calculated input. The results are almost independent of Peff and life-
time, so that even a poor calculation or reasonable guess is sufficient (re-
sulting error <0.1%).

The relative effective delayed-neutron fractions are
usually calculated for each core. It is likely that for each isotope producing
a significant number of delayed neutrons that the relative effectiveness of
each group is the same since the high-energy importance is a slowly varying
function, and the fission rate and space distribution of the producing isotope
areidentice!. The resulting reactivity error in a typical critical for this
approximation is a fraction of a percent. The relative value between isotopes
is much less certain since it is necessary to know the relative B values,
fission rates, and space distributions. A calculation of these quantities is
usually performed and the results used without experimental verification.
There are only two isotopes in a typical critical assembly which produce
significant delayed-neutron contributions. The others can be estimated from
calculation or experiment and entered into the analysis with little resulting
error (<1%).

The most obvious areas of error then reduce to obtain-
ing the power history which satisfies point kinetics and determining the
relative effective delayed-neutron contributions from the two important
isotopes. Additionally, counter placement and electronics linearity must be
studied for each reactor, but this presents no real problem. If a reactivity
change of a few tens of cents is made in a critical assembly operating at a
high power, the reactivity soon after the change can be calculated, and the
result is insensitive to the split of effective delayed-neutron production
between the two isotopes. However, as time goes on, an incorrect assump-
tion will cause the calculated reactivity after the drop to deviate from the

13
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initial correct value. At even longer times (lower powers), the assumed
spontaneous source in the critical will become important, and this may
therefore also be found. In principle, this power history could be used to
determine all the delayed-neutron parameters, but in practice it is not
necessary or reasonable. The data of Keepin together with only the one
ratio of effective betas is sufficient to correlate all the data.

Four cores have been studied in this manner. All the
results show that the ratio of the effective delayed-neutron production rate
in U-238 to that in the fissile material is a few percent less than given by
calculations using MACH-1 diffusion theory (see Table 1.A.9). An error
of this magnitude could easily arise from errors in beta, fission rate, or
adjoint flux, and there is thus no significant evidence of a real error in
the effective value of beta for U-238. In any case, an error of this magni-
tude is of little practical importance, since it would cause only a 1 or 2%
error in the reactivity calibrations. The uncertainty in this experimental
result leaves only a small contribution to reactivity error.

TABLE 1.A.9. Comparison of Measured and Calculated Beff Ratios in Four Cores

[ Beff (U-238) }
Begs (Pu-239 or U-235)]
[ Begr (U-238) ] (Fissions U-238)
Core Fuel Beff (Pu-239 or U-235) - Fissions Total Calc

ZPR-3 Assembly 56 Pu 0.92 + 0.02 0.106

ZPPR FTR I By 0.96 + 0.02 0.107

ZPR-3 Assembly 57 U-235 0.88 + 0.06 0.053

ZPPR FTR 11 Pu 0593520203 0.110

In comparison with theory, a calculated value for beta
effective is used to convert the measured result to the calculated units.
It is possible that any difference between experiment and calculation occurs
in this conversion. This aspect is being studied by measuring the apparent
reactivity of a spontaneous neutron source of known strength. The method
for apparent reactivity measurements is similar to that described above
for "real" reactivity determinations. The result, which should be accurate
to 2% or better, including any errors arising from input data, is equal to
Se/vF Beff- The neutron-production rate from fission in the assembly is
YE. Using absolute fission rates and fission-neutron importance traverses,
one can then find Beff. This measurement is also being made for several
cores. The results taken together should reduce any reactivity disagree-
ment between calculation and experiment.to either the calculation or an

incomplete calculational description of the true environment of the pertur-
bation experiment.
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(b) Development of a Computer Code for Reduction of
Differential Gamma-ray Data. A preliminary version of the computer code
RAID (Reduction of Activation Integral Data) has been made operational on
the SEL-840 MP. The code provides complete processing of large amounts
of differential gamma-ray data.

The code takes magnetic data tapes prepared by an
SEL-810A (operating as up to three independent multichannel analyzers)
and provides calibration, peak location and analysis, identification of parent
isotope, all necessary corrections, and a thorough statistical analysis of the
results. The present version is used for analysis of activation and fission
data from Ge(Li) detectors only, but the capability is present for use on
scintillation or solid-state charged-particle detectors.

The code consists of three major sections, which
operate in a chained mode.

The first section decodes the output of the analyzer-
computer, does certain preliminary calculations, and sorts data from each
foil into time-sequential order for each of the counters being used. Data at
this point are in the form of 959-channel differential spectra for each time
each foil was counted. Sense-switch options in this section allow several
forms for output of raw data.

The second section of the code determines the location
of all statistically significant photopeaks present in each spectrum, and
finds the appropriate peak integral, background, and statistical uncertainty
for each peak. .
The third section finds the appropriate energy calibra-
tion for each spectrum as observed, and provides an identification (by iso-
tope, half-life, energy, and transition intensity) through reference to a
library of gamma-ray data. It then summarizes and statistically analyzes
up to 40 repeated counts of each gamma ray in each foil, and makes correc-
tions for decay, saturation, counter efficiency (as a function of energy if
this is available), and branching of the decay. The final printout for each
gamma ray is proportional to the absolute concentration of the parent
isotope.

The only human intervention in the counting and proc-
essing of the data are 1) to mount the foils in automatic sample changers,
2) to provide the analyzer-computer with initial conditions, and 3) to change
the output magnetic tape of raw data from the analyzer-computer to the
SEL-840 MP.

The system has been used to obtain and process large
activation traverses made in the FTR-2 core in ZPPR. The capability was
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demonstrated for handling the measurement of the equivalent of 130 separate
foils in less than 24 hr, and obtaining precisions of the order of 1 or 2% from
each of them. (These numbers depend on both the half-life and activation
levels.)

Modifications to provide more precise decompositions
of the activity of very complicated spectra (such as raw fission-product
data), a more extensive library of gamma rays, and to provide additional
flexibility in counting and calibration methods have been written and will
be incorporated in the operating system in the near future.

(c) Development of Back-to-back Proportional Counter
for Fission and (n,a) Events. A small back-to-back proportional counter
for the measurement of fission and exothermic (n,a) events in any combina-

tion has been developed. The counter is cylindrical with an outside diameter
of 0.455 in. and an active length of 2.173 in., which matches the drawer
width in ZPPR.

The counter is expected to have application in the
precise measurement of fission ratios and the comparison of fission in
several isotopes to capture in B-10 or Li-6.

The active material is deposited in plane, back-to-back
geometry on a stainless steel plate occupying a diameter of the counter.
The collecting electrode in each half is a grid of three wires located so as
to optimize the resolution of the counter. When operated in the fission-
counter mode, the polarizing potential is chosen to provide a gas multiplica-
tion of about unity. In the alpha-counting mode, the potential is chosen so
that the gas multiplication is several thousand. Each half can be operated
independently and simultaneously, and both halves are operated as flow
counters using the standard argon-10% methane mixture.

Normal calibration of the counter in terms of mass of
the active material is intended to be done by comparison to present absolute
fission counters in a thermal-neutron spectrum. The counter, however, is
potentially self-calibrating because of the dual operating modes. A fission
foil can be alpha-assayed internally in the exact geometry that will there-
after be used for the fission-counter mode, to give the absolute fissile mass.
A simple counting-rate ratio in a thermal spectrum then gives the mass of
the B-10 in the other half of the counter.

The development model of the counter consists of a
U-235 plate of approximately 100 ug/cxn‘2 and a B-10 plate of about
10 pg/cmz. Additional plates containing Li-6 (as LiF ) and natural uranium
have been prepared by vacuum-deposition techniques. Plates containing
the plutonium isotopes are being prepared. It has been possible to determine
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that the thickness variations of the deposits are less than 10% in the worst
case for the optically transparent LiF. The others are presumably similar,
since the deposition technique was identical.

The low-energy end of the spectrum observed in either
the fission or alpha-counting modes is determined by the geometry of the
counter, and is independent of the energy of the charged particle, provided
that certain restrictions are fulfilled by the range of the particle.

The shape of the spectrum is such that extrapolations
from reasonable discriminator settings can be made with relative confi-
dence. As a fission counter, for example, it is possible to select a set of
operating conditions that produce a discriminator curve having a slope of
less than 0.02% change in observed count rate per percent change in dis-
criminator level, over at least 20% of the discriminator range. For nominal
settings of the discriminator and a linear extrapolation to zero energy, these
operating conditions yield a spectrum where about 1/2% of the fission events
are below the threshold.

The performance of the counter on natural alphas of
U-235 is relatively somewhat better.

A rough estimate of the gamma sensitivity of the counter
was obtained by using the counter in the alpha-counting mode and subjecting
it to gamma rays from a large Co-60 source. Under these conditions, a
gamma-ray sensitivity of the order of one count per second per R/hr was
measured. No gamma sensitivity in the fission-counter mode was detected
by this method. .
The geometry and operating properties of the counter
have been determined to be satisfactory in tests to date. Further investiga-
tions of the gamma sensitivity under realistic operating conditions and of
the response of the counter to alphas from B-10 and Li-6 are desirable.
Some work still remains to be done on the mechanical design and electrical
connectors for routine use.

b. Fast Critical Experiments--Experimental Support--Illinois

(i) Development of Experimental Techniques (R. Gold)

Last Reported: ANL-7606, p. 14 (Aug 1969).

(a) Status of ZPR-6 and -9 Processor. The SEL-840 com-
puter associated with the ZPR-6 and -9 assemblies has not yet been formally
accepted. Nevertheless, considerable progress has been made in preparing
it for use with the reactors. Specifically, the following things have been
done:
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(1) Two sets of binary scalers for the collection of
experimental data have been designed, built, and installed. The first set is
a bank of four binary scalers similar in principle to those used for several
years on the DDP-24 computer. The second set is a bank of four reversible
binary scalers which can count in either direction. These are primarily
intended for keeping track of the position of control rods and other movable
elements. They incorporate circuitry allowing the use of "Trav-A-Dial"
position encoder heads without need for the indicator boxes normally used
with such heads.

(2) A complete set of subroutines has been written for
preparation of graphs on the CalComp plotter. This was adapted from
similar software used for several years on the DDP-24, and is compatible
with the latter except for some minor deviations necessitated by the
SEL-840 environment.

(3) An "Encode/Decode" routine has been adapted
from a similar routine previously developed* for the DDP-24. This routine
is expected to be of great usefulness in fuel-management operations.

(4) Some of the DDP-24 codes for reactor experi-
ments have been converted for the SEL-840, and rod calibrations for
ZPR-9 have been successfully performed.

c. FFTF Critical Assembly Experiments--Planning and
Evaluation (A. Travelli)

Last Reported: ANL-7632, pp. 5-7 (Oct 1969).

(i) FETR Critical Program with ZPPR. The experiments with
ZPPR Assembly 1 were concluded. This ZPPR assembly is the Assembly II
of the FTR Resumed Phase-B Critical Experiments Program (FTR-2).
The program will now continue with the FTR-3 experiments to be performed
with ZPR-9.

(a) Calculation of the Worth of Depleting Central Cylindrical
Zones of Various Sizes in FTR-2. The experiments in which the control ring
of FTR-2 was gradually removed in preparation for the shielding experi-
ments involved also the progressive depletion of a cylindrical zone of the
core, having the same axis and height as the core itself. As described in
Progress Report for October 1969, ANL-7632, p. 14, the removal of the
boron ring and the depletion of the central zone were accomplished in alter-
nating steps so that the assembly could be kept close to criticality at all
times. This procedure made it possible to assess accurately the reactivity

change associated with every step and provided an effective tool for testing
the computational methods.

- s
Cohn, C. E., Encode-Decode Facility for FORTRAN-1V, Software Age 2(8), 16 (Sept 1968).




If the assumption is made that the changes in the control-
ring configuration do not affect to any considerable extent the reactivity
changes associated with a depletion of the central zone, and that the configu-
ration of the central depleted zone does not affect to any considerable extent
the reactivity changes associated with the removal of some of the peripheral
control drawers, then, as a first approximation, the two problems can be con-
sidered separately. The comparison between calculated and measured worths
of the peripheral control zones was reported in ANL-7632, p. 7. Here we
describe a similar comparison for the worths associated with the steps during
which the central zone of FTR-2 was progressively depleted of plutonium.

The calculations were based on the use of the one-
dimensional code DIFF-1D* and of the 29-group cross-section set 29004
(see Progress Report for March 1969, ANL-7561, p. 7). The code was used
in cylindrical geometry for a configuration that approximated very closely
the FTR-2 configuration after removal of the peripheral control zones.

The axial buckling used in the calculations was obtained
by comparing the reactivity of a two-dimensional R-Z calculation for ZPPR
Loading 1-120 with the reactivity of a corresponding one-dimensional cylin-
drical calculation, and by modifying the axial buckling in the latter calcula-
tion until the same reactivity was obtained in the two problems. The codes
DIFF-1D and DIFF-2D, and set 29004 were used in these calculations, which
yielded the value of 5.905 x 10"* cm™? for the axial buckling.

Figure I.A.4 shows the comparison of the computations
with the experimental results. The difference in the effective multiplication
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Fig. I.A.4. The Reactivity Effect of Modifying the Size
of the Central Depleted Zone in FTR-2

* Toppel, B. J., ANL-7332 (1967).
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constant between any depleted state and the most depleted state considered
in the experiments (which corresponds to 495.077 kg of fissile mass in the
core) is plotted versus the corresponding difference in fissile mass. Thus,
physically, the figure depicts the increase in reactivity that corresponds to
replenishment of the central zone from the outside; the largest considered
abscissa (31.964 kg) corresponds to a core without any central depleted zone.
The experimental difference in reactivity is obtained by adding up the reac-
tivity changes observed in all the steps used to deplete the core from one
state to the other while keeping the peripheral control constant. The calcu-
lations were run by modifying not only the radius of the depleted zone, but
also its composition in agreement with the experimental procedures. This
explains the slight differences found in Fig. I.A.4 between the calculated
points and the smooth dashed curve that best fits them. The calculations,
however, do not take into account accurately the axial distribution of the
flux, nor the jagged outlines that made the shapes of the experimentally
depleted zones different from cylinders, nor the interference that may have
been caused by the presence of the control zones. Especially in considera-
tion of these limitations, the agreement between experiments and calcula-
tions as shown in Fig. I.A.4 must be considered quite satisfactory.

3. ZPR-6 and -9 Operations and Analysis

a. Mockup Experiments (J. W. Daughtry)

Not previously reported.

(i) Preparation for FTR-3 Experiments. Upon completion of
the experimental program for ZPR-9 Assembly 25, the ZPR-9 matrix was
completely unloaded in preparation for
the FTR-3 critical experiments. After
the unloading, the matrix tubes and
drawers were decontaminated to reduce
the level of activity before assembling
the first plutonium-fueled core in the
facility.

1'% SAFETY RODS

RADIAL
REFLECTOR

The proposed matrix loading
pattern for the FTR-3 core is shown in
Fig. I.A.5. Many of the materials re-
quired for the loading of this core have
been transferred from the Idaho Site to
the Illinois Site. The inner and outer
core regions have been completely pre-
loaded with all materials except the fuel
plates. The axial reflector has been
partially loaded. The completion of the
Fig. LA.5. Matrix Loading Pattern axial reflector loading and the loading of

for FTR-3 in ZPR-9 the peripheral control zones and the

PERIPHERAL
CONTROL ZONES



radial reflector must await the completion of the FTR-2 experiments with
ZPPR and the transfer of nickel and B4C from ZPPR to ZPR-9.

The drive units for ten boron rods and ten fuel-bearing
rods were mounted. The matrix bundles were checked for horizontal and
vertical alignment at the locations of the radial sample changer, Doppler
oscillator, fine autorod, and coarse autorod.

Facility maintenance is continuing, and final preparations
are being made to operate with plutonium fuel.

4. ZPR-3 and ZPPR Operations and Analysis

a. Clean Critical Experiments (P.I. Amundson)

Last Reported: ANL-7632, pp. 12-13 (Oct 1969).

Assembly 58 has reached criticality, and measurements to
determine the central neutron spectrum and to calibrate the safety and con-
trol rods have been made.

Assembly 58 and the subsequent Assembly 59 are to be used to
study the persistent discrepancy between calculated and measured central
reactivity worths. The basic cell consists of two Pu-Al columns and four-
teen graphite columns, and thus naturally follows in the series of benchmark
physics assemblies (48, 49, 50, 53, and 54) which have been built on ZPR-3.
Assembly 58 has a depleted-uranium reflector, and Assembly 59 will have
a lead reflector. .

Because the lead will be available only in 4-in. blocks, the core
was not assembled symmetrically about the reactor interface. Eleven inches
of core and the first 4 in. of axial reflector were loaded into a 15-in. drawer
for Half 1, and 9 in. of core and all the axial reflector in a 21-in. drawer for
Half 2. These drawer loadings are shown in Fig. I.A.6. Due to Pu-Al inven-
tory limitations, several different arrangements of fuel plates within the
columns were necessary. Both nickel-clad and non-nickel-clad plates, as
well as different sizes, were combined to utilize the available inventory.

The critical loading is shown in Fig. I.A.7, with 78 drawers in
each half. Criticality was determined to be with Control Rod 6 withdrawn
0.66 in. In both halves, the rods and Type-1 drawers contained non-nickel-
clad plates, Type-2 contained nickel-clad plates, and the remainder con-
tained both types. The compositions for all the very similar core types,

a volume-weighted core average, and for the reflector regions are given in
Table I.A.10. In order to obtain uniform composition, including the spring-
gap spaces, it was necessary to load the same number of fuel plates in each
fuel column. The small quantity of Pu-242 has been included in the Pu-240.
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The Pu-241 content has been corrected for decay (half-life of 13.2 yr)
since the analysis in 1961, and the low-worth daughter (Am-241) ignored.
The uranium blocks in the radial reflector were loaded directly into the
matrix tubes. The reflector compositions differ somewhat from those in
previous ZPR-3 assemblies as ZPPR pieces were used rather than the
ZPR-3 pieces, which were still somewhat active after the high-power
run in Assembly 57.
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TABLE 1.A.10. Composition of ZPR-3 Assembly 58 (x 102! atoms/cc)

Region Pu-239  Pu-240  Pu-241 Al C Fe Cr Ni Mn Si U-238  U-235
Half 1 Rods 2.1054 0.1005 0.0055 0219 55.09 11451 2848 1247 01189  0.13% S e
Type 1 2.1054 0.1005 0.0055 0219 59.33 7.383  1.8% 0.804 0.0767  0.0900 = r
Type 2 2.1012 0.0994 0.0063 019 59.33 7.500 1.865 1115 0.0779  0.0914 ~ <
Type 3 2.0906 0.0994 0.0059 0209 59.33 7.402  1.851 0.947 0.0773  0.0907 > =
Type 4 2.1097 0.1000 0.0062 0204 59.33 7482 1.861 1.060 0.0777  0.0912 z =
Type 5 21232 0.1006 0.0062 0204 59.33 7.467 1.857 1.054  0.0775  0.0910 s o
Half 2 Rods 2.1012 0.1003 00055 0219 5511 11512 2863 1.253 01195 0.1403 = &
Type 1 2.1012 0.1003 0.0055 0219 59.35 7.401 1.841 0.806 0.0768  0.0902 = =
Type 2 2.0972 0.0992 0.0063 0198 59.35 7.516  1.869 1115 0.0780  0.0916 g =
Type 3 2.1072 0.0998 0.0063 0203 59.35 7.500 1.865 1.067 0.0779  0.0914 = =
Core Average 2.1024 0.1001 0.0058 0213  59.07 7.689 1912 0928 0.0798  0.0937 = &
Radial Reflector - - - - = 4540 1129 0494 0.0471 0.0553  38.71 0.086
Axial Reflector = = = = z 5593 1391 - 0.609 0.0581 0.0682 39.05  0.086
Spring Gap - = = - - 16.85 4.19 1.83 0.175 0.205 & “

The mass of the critical loading was 101.63 kg Pu-239 and
0.28 kg Pu-241. A cylindrical picture equivalent to Loading 12 is seen in
Fig. I.A.8. The axial core dimen-
sions include the front faces of the
drawers, which for composition
! purposes were smeared along the
RADIAL REFLECTOR half-core length.

HALF | | HALF 2

RADIAL REFLECTOR

1 . For the experiments proposed

REFLECTOR CORE core |ReFLECTOR in Assembly 58, an extra drawer has
_ AXIAL --mn:e—--—za.oz-—l-zzsu Srend beex? added in I—Iélf 1, Position K-16,
fL et 1 to give the required excess reac-
! tivity. This was a Type-5 drawer.
: The worths of one safety rod in each
! half and both the control rods were
Al L S Vel L S measured by inverse kinetics tech-
niques. The effective source strength
— — — SPRING GAP (0.66 CM) ' ALL DIMENsIoNs IN cv.  was first determined by period meas-
B L e RE D MENT O urement, allowing the worths and
Fig. LA.8. Equivalent Cylindrical Dimen- worth curves of the.- rods to be ob-
sions for ZPR-3 Assembly 58 tained by withdrawing fully a single
rod at a time, from a balanced re-
actor power. The results are shown in Table I.A.11. The total worth of
the eight safety rods (2.86% Ak/k) was well above the required amount of
1.5% Ak/k. The worth curve for Rod 6 showed that fully inserting that
rod in the reference loading 12 would have given

|-27.58

AhER

an excess reactivity of 0.020% Ak/k or 20.8 Th. TABLE 1.A.11. Worths (% Ak/k)
U of Control and Safety Rods
Examination of the approach-to-critical curve
showed Rod 6 to be equivalent to 0.99 kg edge fuel g:;zg :gg;:m:: i; gg%
and, assuming a linear worth curve, the excess Control Rod 5 (Half 2) 0314
ivi i d to 0.07 k Control Rod 6 (Half 1) 0.248
reactivity of Loading 12 corresponded to g Skl Eods i

of edge fuel.
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b. Measurements of Shielding and Neutron Streaming
(G. G. Simons)

Not previously reported.

The capabilities of measuring fast-neutron spectra pertaining
to experimental shielding studies have been advanced by the completion of
a liquid organic proton-recoil-type fast-neutron spectrometer system (see
Sect. I.A.2.a for a description of the pulse-shape-identification circuit).
This spectrometer system will be used to map neutron spectra as well as
attenuation of fast neutrons in blankets, reflectors, and shields in the ZPPR
and ZPR-3 criticals. Also important shielding data for fast-neutron spectra
can be obtained using the Argonne Fast Source Reactor.

c. Mockup Critical Experiments (W. P. Keeney)

Last Reported: ANL-7632, pp. 14-22 (Oct 1969).

The experiments with ZPPR Assembly 1 have been concluded.
This assembly was Assembly 2 of the FTR Resumed Phase-B Critical
Experiments Program.

In this reporting period, the radial reaction rate traverses of
Pu-239, U-238, and B-10 were measured at the 14-in. axial core elevation,
both with and without fuel in the fuel-storage position, and axial normaliza-
tion measurements were made for these counters on the core centerline at
elevations of 3, 14, and 22 in. A measurement was made of the effect of
B,C and shield composition upon the Pu-239 counting rate near the outer
edge of the shield as the outer shield column was changed from shield to
void to B4C. Activation profiles of sodium and manganese were made
throughout the core, reflector, and shield. Thermoluminescence detectors
were also irradiated for Pacific Northwest Laboratory in the assembly. The
loading was then changed to the Reference Core (Loading 1-70), leaving the
shield in place. The central fission ratios and ratio of capture in U-238 to
fission in U-235 were then measured. Data to aid in the evaluation of a

method of measuring B-10 (n,OL)/U—Z35 (n,F) with a thin-film detector was
also taken.



25

B. Component Development-- LMFBR

1. Instrumentation and Control

a. FFTF Instrumentation (R. A. Jaross)

(i) In-Core Flowmeter (T. P. Mulcahey)

(a) Tests of Model Probe-type Eddy-current Flowsensors
(J. Brewer)

Last Reported: ANL-7632, pp. 31-32 (Oct 1969).

Stability and sensitivity tests are being performed to aid
in the determination of a good coil configuration and wire size. Coil-winding
procedures and specifications for procurement of gold wire are being
prepared.

Ceramic-coated nickel-clad silver wire is being used
for high-temperature oven tests; fiberglass-insulated and Formvar-insulated
copper wires are being used for low-temperature oven tests. Inconel coil
forms (or "bobbins"), with three coil sections per bobbin, are being used.
Inconel, copper, and gold have similar thermal-expansion coefficients.

A three-coil-section (Probe No. 7) was constructed;
the cross section of each 15/16-in.-OD coil was approximately 1/8 in.
deep by l/Z—in. wide. Ceramic-coated nickel-clad silver wire of 15-mil
diameter was wet-wound on an Inconel-600 bobbin. With 600-mA (rms)
drive current at 500 Hz, a sensitivity of 0.77 thV (rms)/ft/sec was obtained
in the oscillatory rig. In an oven test from 700 to 1100°F, there was only
a 0.1-mV (rms) unbalance signal. At 1200°F and above, the unbalance signal
increased sharply because of faulty insulation; it recovered to normal during
the cooling cycle from 950 to 700°F. This configuration showed considerably
better results than did probe coils of 1/4-in.-deep cross section.

A three-coil-section (Probe No. 6-3) was constructed;
the cross section of each 15/16—in.—OD coil was approximately 1/4—in. deep
by I/Z-in. wide. The wire and winding process were the same as for
Probe No. 7. With 300-mA (rms) drive current at 500 Hz, a sensitivity of
1.6 mV (rms)/ft/sec was obtained in the oscillating rig. In an oven test from
700 to 1200°F, the unbalance-signal deviation was 1.1 mV (rms). In the cool-
ing cycle, it followed the same path in return. A similar test exhibited
0.8 mV (rms) deviation. Another significant observation was that no change
in phase relation occurred between drive current and unbalance signal from
700 to 1200°F.
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Probe No. 8, similar to Probe No. 6-3, except dry-
wound with fiberglass-insulated, 10-mil-dia copper wire, was oven-tested
in the following sequence: 400, 610, 400, 720, 400, 900, 400, and 1000°F,
with 300 mA at 500 Hz. The unbalance-signal deviation was never more
than 0.1 mV (rms) except at greater than 900°F, where it changed by
1.8 mV up to 1000°F. When cooled to 400°F, it returned to the original
level. An RC-balancing arrangement was also tried with this probe and,
as expected, it was very sensitive to thermal gradients; therefore, it is
advisable to continue with the voltage-balancing arrangement.

A Probe No. 9, similar to Probe No. 7 except dry-
wound and with eight wire layers per coil instead of six, was fabricated for
tests to be run piggyback with a permanent-magnet probe in the CAMEL
loop. With 300-mA (rms) drive current at 500 Hz, it exhibited a sensitivity
of 0.746 mV (rms)/ft/sec. With one oven-test from 700 to 1200°F, the
unbalance signal rose from 0.2 to 0.3 mV (rms); when the probe was cooled
to 700°F, the unbalance signal returned to 0.25 mV (rms). This is a total
deviation of only 0.1 mV (rms) for a first-run oven test. This probe is
being tested in CAMEL.

Three individual coil bobbins to make the equivalent
of Probe No. 9 have been made and wound with fiberglass-insulated, 10-mil-
dia copper wire to show the magnitude of physical effects on balance. These
tests were made with 300-mA drive current at 500 Hz. Removal of one turn
of wire from one secondary coil caused a balance shift of 2.82 mV (rms).
Increasing the space between one secondary coil and primary coil by 0.001 in.
caused a balance shift of 0.636 mV (rms). This information is useful for
determining tolerances for construction.

Insulating and winding techniques have been improved.
Plasma-sprayed alumina is being considered for insulation on the Inconel
bobbins.

(b) Tests of Model Probe-type Permanent-magnet
Flowsensors (F. Verber)

Last Reported: ANL-7632, pp. 32-33 (Oct 1969).

The variation of sensitivity with magnet width for the
Type-A flowsensors discussed in ANL-7632 is shown in Fig. I.B.1. It is
clear that further increase of sensitivity beyond that shown for Flow-
sensor A-4 could be achieved by increasing the width of the magnet. Also,
indications are that a magnet thickness greater than that shown would
increase sensitivity. v

The variation of sensitivity with flux density for the same
Type-Aflowsensorsis showninFig. I.B.2. As indicated, the flux density was

measured above the neutral of the magnet atthe surface of the 1-in.-dia tube at
an electrode.
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Type-A Flowsensors

Figure I.B.3 shows test data for Flowsensor A-4 operating
in the CAMEL Loop at 320 and 885°F. For the maximum flow velocities in
the tests, the sensitivities of Flowsensor A-4 were 0.602 mV/ft/sec at 320°F
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Fig. 1.B.3. Tests of Permanent-magnet Flowsensor A -4 at ~320°F (left; temperature rose to ~335°F by end of test)
and ~8850CF (right) in 4-in. Schedule-10 Pipe Test Section of CAMEL Loop. The calculated sensitiv-
ity of the loop permanent-magnet flowmeter was 0.01485 mV/gpm, so 1,61 mV = 1 ft/sec of sodium
flaw rhrough the annulus between the flowsensor and the 4-in. pipe test section.
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OUTPUT SIGNAL, mV

. and 0.591 mV/ft/sec at 885°F.
Figure 1.B.4 compares the output
signals from Flowsensor A-4 when
tested in the CAMEL Loop and in
the modified Annular Linear Induc-
tion Pump Loop. Subsequently, the
~—— CAMEL LOOP (~320-335°F) flowsensor was removed from
CAMEL Loop and its magnet was
temperature-stabilized at 1300°F
for operation at 1200°F. It will be
° L] reinstalled in the CAMEL Loop for
SOOI L OV LS further tests to determine the re-
versible temperature effects at
various operating temperatures.

ANNULAR INDUCTION
PUMP LOOP (~325°F)

Fig. I.B.4. Comparison of Flowsensor A-4 Output
Signals when Tested in the Annular
Induction Pump Loop and in the .
CAMEL Loop The magnets used in all the

the Type-A flowsensors built and
tested to date were electrically insulated from their Type 304 stainless
steel enclosures by thin sheets of mica. To determine how the output
signal of a flowsensor would be affected without such insulation, Flow-
sensor A-3 was cut open and its mica insulation was replaced with thin
sheets of Type 304 stainless steel in a metal-to-metal push fit. Then it
was retested in the modified Annular Induction Pump Loop. Figure I.B.5
shows the results for the insulated version (upper left) and for the uninsulated
version (upper right and lower left). Figure I.B.6, which compares Flow-
sensor A-3 output signals with the magnet insulated and uninsulated, shows
a signal decrease of less than 5%.

The omission of insulation (tentatively planned to be
alumina or quartz) from the design would simplify the fabrication and
assembly of the flowsensor, and thus result in lower cost. However, pre-
liminary consideration of thermal transients indicates the desirability of
having a small annulus of inert gas (argon, with a small amount of helium
for leaktesting) between the magnet and the wall of the Type 304 stainless
steel housing. However, such protection of the magnet against excessive
temperature rise due to a thermal transient in the sodium coolant must be
evaluated in conjunction with resistance to the transfer of gamma heat from
the magnet to the coolant stream during normal operation.

In applying a 0.085-in. coating of alumina to the hard
surface of a 0.9-in.-dia x 2-in.-long Alnico-8 magnet by means of a ceramic
flame-spraying process, the Metallizing Co. of America found it necessary
to apply a rough coating of nickel to the magnet surface by the "Dot- Weld"
process before applying the alumina coating. In addition to the unacceptable
short-circuiting effect of the nickel on the external magnetic field (however,
a nonmagnetic metal could be used), pieces of alumina broke away from the
magnet when it was tapped with a steel bar. Thus, to obtain an alumina
coating that will not disintegrate under flowsensor operating conditions,
further development and testing would be required.
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S [ e Fig. LB.6

;’ L g Comparison of Flowsensor A-3 Output Signals with
§ and without Magnet Insulated from Its Type 304
52 4 36% 4.38% 4.4% 4.73% Stainless Steel Enclosure. Tests were conducted

S ﬁcnn Rt PEEREARE at ~3500F in the modified annular induction pump
e e loop. The points marked A are from the uninsu-

- lated Test No. 2 of Fig. LB.5 (lower left).
e s i T

SODIUM FLOW VELOCITY, fi/sec

(ii) Gas Disengagement for Failed-fuel Monitoring
(E. S. Sowa)

Last Reported: ANL-7632, pp. 33-34 (Oct 1969).

(a) Sodium Test Loop. The components for the FEDAL
(Failed Element Detection and Location) module were received from the
fabricator, assembled, and installed in the loop. The module gas-separation
cascade is inside a utility chamber that is in a position on the loop that was
formerly occupied by the riser and gas-separation unit. Above the utility
chamber is a housing that has a vapor trap and insert sleeve that serves as
the gas-return duct.

In the original design for the gas-separation cascade
(see Fig. I.B.7, left), the cap at the top of the assembly presented a possible
trap for disengaged fission-product
gases. So the cap was replaced by
adisk. Ananalysis of the fluid-flow
characteristics for a flowrate of
2 ft/sec showed that, for sodium, the
Reynolds number in the center pipe
of the cascade was 59,500, This
places the flow regime in the turbu-

lent range: V/Vma.x = 0.82, where Fig. LB.7. Cascade Original Design (left), First
V is average flow velocity and Vmax Modification (center), and Final
is maximum central flow velocity. Configuration (right)

Because little head is lost by redi-

recting the flow direction, the central fluid exits at right angles to its

original direction with a maximum velocity of 2.43 ft/sec. With free fall,

the relationship between horizontal travel x and vertical travel y is given
by x = V(Zy/g)o's; cascade tests with water confirmed that the fluid is
confined within a sheet by surface tension and travels outward in a trajectory
(see Fig. I.B.7, center) such that the fluid missed the trays in the cascade.
Thus the cascade was modified to the final configuration, which tests confirmed
has the flow trajectory shown (see Fig. 1.B.7, right).
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b. EBR-II In-Core Instrument Test Facility (E. Hutter)

(i) Preliminary Study of Various Schemes (O. S. Seim, T. E.
Sullivan, and R. C. Brubaker)

Last Reported: ANL-7606, pp. 39-40 (Aug 1969).

The results of a calculation of the rise in coolant tempera-
tures through the proposed facility are shown in Fig. I.B.8. The figure
shows the calculated rise at coolant flowrates

ot ] up to approximately 1.5 gpm and for three in-
sulating conditions. (The bottom curve, showing
aak | the rise when the gas insulating sleeve is replaced
s with static sodium, represents the noninsulated
] condition.) Only the heat transfer within the
E.soo— P & 14-in.-long portion of the facility that would be
% R T in the reactor core was considered. The calcu-
H Bierve e lation, which is approximate, assumed:
2200 — =
: (1) a thimble assembly of the type which
m_\ & will accept 19 thermocouples,
“REPACED Wi STATC SoDIUM (2) uniform gamma heating at a 62.5-MWt
e, reactor operating level,
o 5 10 5
e (3) a sodium-temperature rise of 200°F
Fig. LB.8 in the adjacent subassemblies, and
Calculated Rise in Temperature of (4) an upward flowrate of 5 gpm past the
Sodium Coolant in the Proposed labyrinth-type seal between the guide tube and the
In-core Instrument Test Facility thimble assembly.y
Using Three Different Insulating
Conditions The results indicate that control of

sodium temperature by flow variation is severely
diminished without the gas-insulating sleeve and that the desired higher
temperatures cannot be reached.

The calculations also indicate that because the test sensors
are heated by gamma radiation, they should be located near the top of the
core to avoid higher temperatures in the cables than in the sensors. Most
of the gamma heat is generated in the structural stainless steel, which is
uniformly distributed in the core region in the present concept. Since the
test sensors probably will be near the top of the core, the effect of adding
more structural mass in the lower portion of the core will be evaluated.
Additional mass would increase heat generation and flow, thereby decreas-
ing the degree of sensitivity required in the control valve.

Following an evaluation of several coolant-flow control
valves, a flat-plate type of valve appears to be the most promising. This
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valve consists of an upper and a lower circular plate with flow-control holes.
The lower plate is stationary, acts as a shutter, and would be attached to the
inner tube of the insulating-gas-tube assembly. The upper plate would be
attached to the sensor tube. Flow control would be achieved by rotating the
sensor tube, which, in turn, would rotate the upper plate with respect to the
lower plate. To attain a uniform rise in coolant temperature per degree of
rotation, the flow holes in the upper plate must be contoured. Flow calcula-
tions are now being developed to determine the size and shape of hole which
will best provide ideal flow control.

2. Fuel Handling, Vessels and Internals

a. Core Component Test Loop (CCTL) (R. A. Jaross)

Last Reported: ANL-7632, pp. 34-35 (Oct 1969).

(i) Loop Modifications to Accommodate Second FETFE
Subassembly. Modifications to the CCTL to accommodate the Mark-II fuel
assembly and to improve loop reliability are proceeding.

On the 2-in. pump-bypass piping that will permit the return
of pump-bearing overflow sodium to the pump inlet, work is complete except
for installation of 10% of the outer layer of insulation, and one pipe hanger.

For the 4-in. flowtube, the Taylor pressure-sensing
elements have been delivered, along with manufacturer certification reports
on calibration, dye-penetrant testing, radiographic inspection, and materials.
ANL calibration is in progress.

The spool piece has been reinstalled in the CCTL test vessel
with the appropriate ceramic Flexitallic gasket and a bolt-tightening schedule
to ensure gasket seating to the manufacturer's recommendations. Three of
the four sodium-inversion tubular heaters are installed. Four of six in-
vessel thermocouples have been installed.

Quality-assurance tests continue on the dual-gate-valve

assembly, bellows-seal valves, and the plugging-meter and sodium-sampling
station.

A temperature test, separate from the CCTL test vessel,
is underway on the dual-gate-valve assembly. At 625°F the gate valve
stems indicated galling, so the gate valve stems were reduced in diameter
by 0.015 in., a 0.001-in. hard-chrome plating was applied, and the original
Type 304 stainless steel valve-stem bushings were replaced with soft nickel.
Further tests of this assembly will be at temperatures up to 800°F.
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A 2-in. Powell valve of the bellows-seal type to be used for
the mechanical-pump bearing-bypass line is being prooftested. This valve
has completed 100 cycles at 10 psi and 1000°F (maximum temperature
recommended by manufacturer). In addition, a more severe test of 75 cycles
at 125 psi has been completed in argon without bellows failure. Tests in
sodium are scheduled to start soon.

A I/Z—in. NUPRO bellows-seal valve of the type to be used
for the modified CCTL plugging-meter and sodium-sampling station is being
prooftested. The valve has completed 100 cycles of operation at 150 psig
and 1100°F with an argon atmosphere inside the valve. Sodium tests are
scheduled to demonstrate that the valve can successfully contain 1100°F
sodium at 150 psig for 100 cycles.

The plugging-meter and sodium-sample-station complex
has been fabricated, radiographed, leaktested, and moved to the CCTL.
The enclosure for this complex has been completed, and heaters and insula-
tion for the enclosure have been installed. Electrical prooftest of the
completed complex is scheduled soon.

Ultrasonic inspection of one weld of the 4-in. pump-outlet
(high-pressure) piping has been completed. The area evaluated is at the
weld of a 90° elbow at the inlet to a long horizontal pipe run that includes
both the electromagnetic flowmeter and the flowtube in series. Defects
detected ultrasonically were smaller than defects attainable for 4-in.
Schedule-40 pipe as described in ASME Code, Nuclear Vessels, 1968,
Section 3, Appendix 9, p. 2.18.

C. Sodium Technolo‘gy

1. Sodium Chemistry

The work on sodium chemistry is directed toward the development of
a sound scientific foundation for understanding the behavior of common non-
metallic contaminants in sodium, for interpreting and evaluating existing
corrosion data, and for predicting potential corrosion problems in sodium
systems.

a. Characterization of Oxygen- and Hydrogen-bearing Compounds
in Sodium (F. A. Cafasso and M. Adams)

Last Reported: ANL-7606, p. 118 (Aug 1969).

Evidence has accumulated that suggests the involvement of
transition metal-oxygen-sodium complexes in the mass transport of
structural materials in sodium systems. Accordingly, the behavior of
complex oxides such as sodium chromite and sodium ferrite in sodium is
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of interest, and a study of their stability in sodium is being undertaken.
Sodium chromite has been chosen for the initial study, and efforts to
prepare this compound have started.

Preparations are also being made to find out what are the species
and concentrations of oxygen- and hydrogen-bearing compounds in cold-
trapped sodium. This information will be helpful in determining whether
such impurities are adequately controlled by cold trapping and whether the
current methods of monitoring are effective. The sodium to be analyzed
will be taken from the existing Sodium Analytical Loop (SAL). At present,
effort is being directed toward equipping SAL with a cold trap and a sodium-
sampling device appropriate for this study. A hydrogen meter is also being
installed.

2. Purification of Sodium

a. Identification and Removal of Particulate Matter in Sodium
(J. E. Draley)

Not previously reported.

In a newly activated program on the identification and removal
of particulate matter in sodium, plans are being made to accumulate and
analyze particles from EBR-II primary and secondary sodium. Preliminary
to actual collection of such particles, collection methods will be developed
and data will be obtained from the existing Mechanical Properties and
Corrosion Loop. It is anticipated that filters will be evaluated; decisions
on other collection devices have not been made.

To gain some insight as to the amount of stainless steel con-
stituents expected to precipitate in sodium-coolant circuits by virtue of
temperature differences, quasi-equilibrium calculations were made. It
was assumed that equilibrium obtains between the surface of the stainless
steel system and the sodium circulating in a nonisothermal loop, and that
all the alloy constituents in excess of saturation at any temperature are
precipitated. By using estimated solubilities for the constituents of
stainless steel, a maximum of about 7 ppm precipitated solids or their
metallic content was obtained for the coolest portion of an LMFBR operat-
ing between 700 and 400°C. More than 60% of the metal content of this
precipitate was calculated to be iron, with the remainder about equally
divided between nickel and chromium. The amount of precipitate cal-
culated for EBR-II coolant (524 to 371°C) was about one-fourteenth that
for the LMFBR, with the same compositional mix.
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3. On-Line Monitors

a. Evaluation and Improvement of the Carbon-activity Meter
(J. T. Holmes, C. Luner, and N, Chellew)

Last Reported: ANL-7606, p. 31 (Aug 1969).

Testing and evaluation of the United Nuclear Corporation (UNC)
diffusion meter for measuring carbon activity in sodium are progressing.
Experiments with an iron-membrane probe (fabricated at ANL) were con-
ducted in a heated crucible containing 650 g of stirred sodium. To pre-
clude changes in the carbon concentration caused by interaction of sodium
with container materials, all components in contact with liquid sodium were
made of copper except the probe.

As a first step, base-line carbon fluxes were measured at
different temperatures. Measurable carbon fluxes were obtained at 488°C
(910°F) and above. These fluxes were quite stable for 2 or 3 days, decreas-
ing only slowly with time, probably owing to the removal of carbon from the
sodium by diffusion through the probe.

The response of the probe to the introduction of a ferritic steel
rod (1020 steel, 1/4-in. OD by 5 in.) into the sodium was briefly investigated.
Little or no response to the ferritic steel was obtained after 1 hr at 488°C
or 1 hr at 585°C (1085°F). At 630°C (1166°F), the carbon flux increased soon
after immersion of the rod. The rod was removed after 30 min, and the flux
levelled off and then remained constant for at least 4 hr.

The effect of adding 2 ppm carbon as Na,C,; to the stirred sodium
at 630°C was to increase the meter reading at least eightfold. The insertion
of a Type 304 stainless steel rod (1/4—in. OD by 5 in.) into the melt at this
point caused the carbon flux to decrease.

These experiments indicate that measurable carbon fluxes can
be obtained at a considerably lower temperature than that recommended by
UNC, 760°C (1400°F).* The experiments also indicate that if a high-
temperature side loop is required to obtain a measurable flux, a material
other than stainless steel might be preferable. Additional experiments to
evaluate construction materials for this purpose are being planned.

The Test and Evaluation Apparatus (TEA), a small, pumped,
sodium loop at ANL-Illinois, will be used to test the UNC carbon meter
prior to the field tests planned at EBR-II. TEA construction is complete
except for fabrication of a device by which metallurgical tabs can be exposed

*Caplinger, W. H.,Carbon Meter for Sodium, Final Report, United Nuclear Corp. report UNC-5226 (March 1969).
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to the same sodium as the probe of the carbon meter. TEA will start up
after a safety review; the tab-exposure device will be incorporated after
startup.

4. Sampling

a. Sampling of Radioactive Sodium (W. Miller and P. Vilinskas)

Not previously reported.

A useful tool in the analysis of LMFBR sodium is a distillation
sampler. Vacuum-evaporation of the neutron-activated sodium facilitates
assay of trace elements and radioactive isotopes. Some form of the device
may also prove useful as a continuous on-line monitor for detection and
characterization of fission products.

Automation of the sampler is desirable for application of the
device to primary sodium systems. This would require automatic means
of removing the distillation cup, and of collecting and disposing of the
condensate. It appears that the use of a liquid-sodium jet eductor for
creating a vacuum and removing the distillate would result in a simplification
of the sampler design. Preliminary discussions with the Schutte and Koert-
ing Co. revealed the following estimates for performance of a liquid-sodium
eductor: motive fluid (sodium) flowrate, 2-5 gpm; jet pressure drop,
50-100 psi; attainable vacuum with motive fluid at 300°C, less than 0.1 Torr
absolute pressure. The necessary hardware for testing the application of
the jet principle in distillation samplers is being procured.

5. Fission Product Behavior and Control

a. Data-analysis Methods for Determining Fuel Failures
(W. E. Miller and P. Vilinskas)

Not previously reported.

Fission gas monitors are currently in use to detect the presence
of leaking fuel elements in fast reactors. A calculational study was made of
the potential usefulness of this method for detecting leaks in future LMFBR
power reactors. It is anticipated that such power reactors will not be shut
down despite the existence of numerous fuel elements that are leaking only
gaseous fission products. With vented fuels, the fuel element by definition
will operate with gas leakage. What will be required in future LMFBRs is
a detection system that not only takes note of a leaking fuel element, but
also estimates the extent of the damage to the cladding and the likelihood
of propagation of the damage to other fuel elements.
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Methods of relating the cover-gas evidence of fuel failure to the
severity of failure were considered. One such method relates activity ratios
of short-lived gaseous fission products to the size of the leak. It was found
that for fixed rates of release of the fission gases to the gas plenum in the
fuel and for fixed exterior pressures, the size of a hole in the cladding
might be estimated from the activity ratio of short-lived isotopes in the
cover gas. However, the application of this method does not appear practical
because of the variability of parameters affecting the rate of release of gas,
such as location of the leak, fuel burnup, and power level.

Because of the difficulty in ascertaining the severity of a leak
from analysis of the cover gas, it may be more fruitful to monitor the sodium
for evidence of fuel-element failure. This will be the direction of future
work.

6. Materials Compatibility

a. Candidacy of Vanadium-base Alloys for Cladding LMFBR Fuels
(T. F. Kassner and D. L. Smith)

Last Reported: ANL-7632, pp. 42-44 (Oct 1969).

The objective of this work is to develop enough understanding and
information so that a first assessment of the adequacy of vanadium alloys as
fuel cladding for LMFBR can be made.

(i) Distribution Coefficients of Impurities in Sodium-Metal
Systems. Two techniques have been used to determine the solubility of
oxygen in vanadium as a function of temperatu‘re. The method employed in
the temperature range from 600 to 700°C was the same as that previously
used for distribution coefficient measurements (see Progress Report for
September 1967, ANL-7382, pp. 100-101). Vanadium wires were exposed to
sodium at 600, 650, or 700°C for a sufficient time to allow oxygen to redis-
tribute between vanadium and sodium. The oxygen concentration in vanadium
increases with an increase in the oxygen concentration in sodium until an
oxide film forms on the vanadium. The oxygen concentration in the core of
each wire was determined after all of the oxide film was removed. The
constant oxygen concentration in the core, as the oxygen concentration in
the sodium was increased, was taken as the oxygen solubility in vanadium
at each temperature.

Solubility measurements at temperatures below 400°C were
made by the internal-friction technique. Since the height of an internal-
friction peak can be related to the concentration of an interstitial element
in solution in bcc metals, the technique provides a convenient method to
determine the solubility of oxygen in vanadium. Oxygen was diffused into
vanadium wires in a Sievert's apparatus, and the internal-friction peak was
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measured. The sample was then annealed at a temperature at which a
small amount of the oxygen would precipitate. After quenching the sample,
the internal-friction peak was redetermined to give a measure of the con-
centration of oxygen remaining in solution. This value is the saturation
concentration at the annealing temperature. It was possible to precipitate
oxygen further or put it back into solution by annealing at lower or higher
temperatures, respectively. The internal-friction technique gave similar
results when oxygen was added to vanadium either by exposure to sodium
or by using the Sievert's apparatus. The temperature dependence of the
solubility of oxygen in vanadium is shown in Fig. I.C.1.

S An investigation of the effect
e e e e %1 of chromium additions to vanadium
on the activity and solubility of
oxygen in vanadium is continuing.
Alloy wires containing 10, 15, and
20 wt % chromium and pure vanadium
o 2 T4 e 8 20 wires have been exposed to cold-
i trapped sodium. Tests were con-
ducted in sodium containing 0.4 ppm
Fig. .C.1. Temperature Dependence of Solu- oxygen at temperatures of 550, 600,
bility of Oxygen in Vanadium 650, and 700°C. Tests have also
been completed in sodium containing
0.4, 0.6, and 0.8 ppm oxygen at 600°C. Figure I.C.2 shows some results
obtained for the vanadium-10 wt % chromium alloy compared with pure
vanadium. This alloy picks up only half as much oxygen as pure vanadium
when exposed to the same oxygen concentration in sodium. No effect of
temperature on the ratio of oxygen in vanadium to oxygen in alloy can be
detected from these results. The other alloys have not yet been analyzed.
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D. EBR-II--Research and Development

1. Equipment--Fuel Related (E. Hutter)

a. Higher-worth Control Rod (O. S. Seim and T. Sullivan)

Last Reported: ANL-7618, pp. 23-24 (Sept 1969).

The quality-control plan for fabrication of two prototype higher-
worth control rods was completed. The rods are being fabricated. The
B4C pellets for these rods were received from the supplier.

Pressure-drop calculations indicated that two different arrays
of B4C tubes for the absorber section of the higher-worth safety rod were
acceptable: a cluster of six 5/8—'1n.-OD tubes and a cluster of seven
9/16-in.—OD tubes, each within the standard safety-rod hexagonal tube.
The latter arrangement was chosen because it would allow a more uniform
coolant-flow distribution.

A mockup of the cluster of seven 9/16-in.—OD tubes was fabri-
cated and installed in place of the upper shield section within a standard
safety-rod subassembly. Flowtests with this modified safety-rod subas-
sembly indicated that flows were very close to the desired calculated flow.
The desired calculated flow is 84 gpm at a 39-psi pressure drop; the meas-
ured flow was 83 gpm at the same pressure drop. The ends of the mockup
tubes will be modified slightly to make the measured flow equal to that of
the calculated flow.

2. Instrumented Subassemblies (E. Hutter and A. Smaardyk)

C Test One and Two

(i) Installation (A. Smaardyk, C. Divona, W. M. Thompson,
and J. Poloncsik)

Not previously reported.

The drive mechanism for raising and lowering the instru-
mented subassembly during fuel handling was installed during the week of
Nov. 3, 1969. Installation and checkout of test 1 were completed during the
week of Nov. 10. This work included flowtesting of the permanent-magnet
flowmeter and subsequent severing of the extension tube from the subas-
sembly. Installation of test 2 in the EBR-II primary tank was started the
week of Nov. 17.

50
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(ii) Assembly of Test-2 Subassembly (C. Divona)

Last Reported: ANL-7632, pp. 46-48 (Oct 1969).

During the last steps of assembling the test-2 instrumented
subassembly and extension tube, the flux monitor for registering the flux
during reactor operation was installed. Figure I.D.l shows the installation
of the flux monitor in relation to the reactor core. The monitor assembly
consists of a l/lé—in.—dia x 5%-in.-long Reuter Stokes Model RSN-202-MI
flux monitor attached to a sheathed, 0.040-in.-dia extension lead. A packing
gland was used to provide a seal on the outside of the terminal box, with the
extension lead protruding through the seal. The gland contains a closely
fitted split seal washer and a neoprene sealant washer to provide a second-
ary seal should leakage of the flux-monitor tube occur; the flux-monitor
tube serves as the primary seal. An expansion bellows was incorporated
in the portion of the flux-monitor tube within the terminal box. This bellows
allows differential expansion between the flux-monitor and extension tubes
during the nonisothermal conditions existing when the extension tube is
being installed in the reactor. The flux-monitor tube was installed before
the subassembly was shipped to EBR-II on Nov. 7.

3. Coolant Chemistry (D. W. Cissel)

a. Sodium Coolant Quality Monitoring and Control (W. H. Olson,
C. C. Miles, T. P. Ramachandran, E. R. Ebersole, and
G. O. Haroldsen)

Last Reported: ANL-7632, pp. 48-49 (Oct 1969).

(i) Radionuclides in Sodium. Table I.D.1 lists the results of
analyses for *’Cs and I in primary sodium. The #2Na activity on
Oct. 17, 1969, was 4.0 x 1072 uCi/g.

TABLE I.D.1. “’Cs and !l in Primary Sodium2

Sample Flush Sample
Sample Sample Flow, Time, Temperature, 187G 151y,
Date Size, g gpm min °F #Ci/g e 102 pCi/g x 10*
9/16/69 13.3 0.4 15 500 152 1.2
9/18/69 10.9 0.4 18 640 152 1.1
9/24/69  13.2 0.3 15 600 1:2 0.85
9/29/69 13.5 0.3 15 600 il 2.0
10/13/69 12.8 0.5 15 610 1.1 2.0
10/17/69 13.6 0.3 15 600 148 <)

ATl samples taken in Pyrex beaker.
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A solution prepared from the distillation residue of a pri-
mary sodium sample was gamma counted for 16 hr in a Ge(Li) gamma-ray
spectrometer. The nuclides indicated by the spectrum were imcrn,
Ulgy 1smp, 10mpg 5S4y, B37Cs, and 1%5Sb.

The **Na activity of secondary sodium on Sept. 26 and
Oct. 17 was 2.4 x 1072 and 9.3 x 1072 ﬂCi/g, respectively. Saturation
activity at 50 MWt is ~3 x 1072 uCi/g.

(ii) Trace Metals in Sodium. Table I.D.2 lists the results of
analyses for trace metals in sodium. Samples were taken in various ves-
sels, and the sodium was separated from the impurities by either solvent
extraction or vacuum distillation, as noted. Impurity concentrations were
measured by atomic-absorption spectrophotometry. The higher-than-
normal concentrations of calcium and magnesium in secondary sodium on
Oct. 29 and Nov. 2 followed draining of the sodium to the storage tank.
These samples were taken from the storage tank and distilled in line.

TABLE 1.D.2. Trace Metals in Sodium (ppm)

Sample Sample Flush Sample
Sample  Size,  Flow, Time, Temp,
Date g gpm min OF Al Bi Ca Cd Co Cr Cu Fe Mg Mn Mo Ni Pb Sn Zn

Primary Sodium

9/11/692 135 0.5 B 480 0.025 <0.05
9116  ~10 03 10 350 2.1 0.03 10.6 212
9/21/692 116 03 15 600 20.6
9/29/692 124 0.3 15 600 18 0.03 <0.04 004 04 <0.01 007 9.8 0.06
9/29/69¢ 405 0.3 15 650 <06 21 <0.02 <0.03 002 002 01 001 <0.005 <0.08 <003 82 206
10/23/169 53.0 04 5 370 <06 24 <0.02 <0.04 002 004 015 002 <0.005 <01 <004 82 19.4

Secondary Sodium

9/29/69¢ 585 0.5 15 500 <0.6 <0.05 <0.02 <002 01 002 09 003 001 <0.06 0.1 05 <05
10/29/694  ~125 0.4 15 360 05 <0.02 17 <0.008 013 0013 077 12 0.027 <0.016 014 076 <0.08
11/2/694  ~125 0.4 5 360 02 <0.02 0.1 <0.008 0.1 0044 096 064 003 <0016 012 07 <0.08

asampled in quartz; separated by solvent extraction.

bSampled in titanium; separated by vacuum distillation in laboratory.
Csampled in tantalum; separated by vacuum distillation in laboratory.
dsampled in titanium; separated by in-line vacuum distillation.

(iii) Oxygen in Sodium. Table I.D.3 lists the results of analyses
for oxygen in sodium by the mercury amalgamation method. Oxygen con-

centrations as measured by plugging indicators are listed also for
comparison.

(iv) Carbon in Sodium. Table I.D.4 lists the results of analyses
for carbon in sodium by the oxyacidic flux method.

(v) Hydrogen in Sodium. Table'I.D.5 lists the results of
analyses for hydrogen in sodium by the isotope dilution method.
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TABLE 1.D.3. Oxygen in Sodium

Sample Sample Sample
Date Container  Size, g

Sample  Flush Sample Number Average Oxygen Equivalent
Flow, Time,  Temperature,  Aliquot of Concentration,  of Plugging Run,d
gpm min OF Size, g Aliquots ppm ppm

9/24/69  Extrusion 15

vessel

9/17/69  Extrusion 15

vessel

Primary Sodium
0.4 15 625 ] 4 3.0 £2.6 <05
Secondary Sodium

0.8 15 480 =1 4 9.1 =20 <0.5

3Based on solubility data from Al-AEC-12685.

TABLE 1.D.4. Carbon in Sodium

Sample Flush Sample Number Average
Sample Sample Sample Flow, Time, Temperature, Aliquot of Concentration,
Date Container Size, g gpm min % Size, g Aliquots ppm
Primary Sodium
9/8/69 Extrusion 15 0.5 10 400 =] 4 09 +07
vessel
9124169 Extrusion 15 0.4 15 625 2l 3 1.0+08
vessel
10/30/69 Extrusion 15 0.3 15 320 ~1 3 0.4 £0.15
vessel
Secondary Sodium
9/17/69 Extrusion 15 0.8 15 480 ~] 3 1202
vessel
10/2/69 Quartz =2 0.7 40 530 =] 2 20£05
vials

TABLE 1.D.5. Hydrogen

in Sodium
Sample Concentration,
Date ppm
Primary Sodium
9/2169 <10

Secondary Sodium
8/29/69 <1.0

(vi) Hydrogenand Nitrogen in Cover Gas.
Table I.D.6 summarizes the concentrations of hydrogen

and nitrogen in the primary and secondary argon
cover-gas systems. Measurements are made with on-
stream gas chromatographs.

(vii) In-line Vacuum-distillation Sodium
Sampler. Asampler designedtodistill~125gof sodium
in line has been successfully tested. Several dis-

tillation runs have been made at various heat inputs, using a stainless steel
sample cup with a thermocouple in the sodium at the bottom of the cup.

The time required to distill ranged from 2 to 5 hr, depending on the heat
input. The ideal appeared to be 3 hr with a sodium temperature of 675-
690°F. Two samples frozen in the sample cup after draining the sampler
were removed without distilling. The difference in sample weight between
the two was approximately 3/4%.
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TABLE 1.D.6. Hydrogen and Nitrogen in Primary and
Secondary Argon Cover-gas Systems (ppm)

Primary Secondary

High Low Average High Low Average

October
H, 360 4 2.5 4 4 4
N, 7000 2600 5200 600 300 450
November
L 4 0 3 4 0 5
N, 4900 1300 3400 450 200 300

Two samples also were distilled in titanium cups and re-
moved for analysis of trace metals. The results are included in Table I.D.2
(the secondary-sodium samples of 10/29 and 11/2).

The sampler will be tested for determination of oxygen after
the secondary-sodium system has been filled and normal operation has been

resumed.

4. Experimental Irradiation and Testing (R. Neidner)

a. Experimental Irradiations

Last Reported: ANL-7632, p. 49 (Oct 1969).

Table I.D.7 shows the status of the experimental subassemblies
in EBR-II as of November 15, 1969.

b. Operational In-cell Handling and Examination

Not previously reported.

(1) Examination Equipment (J. P. Bacca)

New equipment for remote interim and terminal examina-
tion of experimental irradiation capsules and elements is being planned and/or
developed. The equipment being considered will be for use in making the fol-
lowing examinations: precision dimensional surveys (profilometry), gamma
scanning, subassembly straightness and tensile testing, sampling of plenum
gases from capsules, weighing, surface examination and photography (in-
cluding stereoscopic), leak detection, stress-rupture testing of tubing,



TABLE 1.D.7. Status of EBR-II Experimental Irradiations as of November 15, 1969 (after Run 38)

Estimated
Subassembly Accumulated Goal
No. and Date Capsule Content and Experi- Exposure Exposure
(Position) Charged (Number of Capsules) menter (Mwd) (Mwd) Burnup?
XG03 716/65 UO,-20 wt % Pu0, (2 GE 24,910 28,700 6.4
(Ton
XGO4 716/65 U0,-20 wt % Pqu (2 GE 26,106 45,000 6.7
(781
X0188 10/2/69 Structural (3) GE 600 10,000 02 +580- 60
€2) Structural (2 ANL 02 + 582« 6.0
Structural (n ANL 0.2
Structural (BY PNL 0.2
X020 V13/67 UOz-PuO2 (9 GE 16,069 20,400 6.5
(6B5) (Up g-PugIC (3) UNC 7.1
Structural (4 PNL 45
Structural (2 ANL 45
Graphite (BY PNL 45
X0218 22369 Structural (6 PNL 16,240 23,200 30+41b- 71
(20D Structural (n PNL 7,216 9,000 3.0
X027 11267 U0p-25 wt % PuUz (18) GE 13,392 16,000 1.5
(483) Structural n PNL 53
X033¢ 12122067 (Ug g-Pug ,IC 19 UNC 125% 12,200 62
(584) :
X034A 9/30/69 Structural (4 ORNL 600 3,800 03 +48b=51
(2F1) Structural (3 ORNL 0.3
X035 413/68 Structural n ORNL 13,184 44,800 3.0
(783)
X036 7/25/68 U0,-25 wt % Pu0, 19 GE 10,7% 43,300 28
(7ED)
X038 5/7/68 Structural (n INC 12,766 17,700 21
(7c5)
XO40A 9/30/69 U0p-20 wt % Pu0, (18) ANL 600 4,800 03 +350-38
(582) U02-20 wt % PuOz  (16) GE 03+360-39
X041 7/24/68 Structural «n PNL 11,226 16,700 24
(TA3)
X043 22069 U0p-25 wt % Pu0, (37 GE 6,506 11,000 35
@p2)
x044¢ 9/28/68 Oxide Insulator (BY LASL 9,901 12,000 L6
(7A1)
X050 22369 U020 wt % Pud, (4 GE 6,506 7,500 36+ 770 - 113
(4c2) U0p-28 wt % Pu0y (4 GE 35
U02-20 wt % Pu0z (5) ORNL 35
(Ug.go-Pug,18/C (2 w 35
Structural (a GE 25+53b-178
X051 12/16/68 V0,25 wt % Pud, (37 PAL 7,85 16,400 14
(3A2)
X054 33169 U0,-25 wt % PuO, 3n PNL 5,906 10,000 31
(4E1)
X055 223069 (Ug gs-Pug 15/ 9 UNC 7,216 20,000 23
(6A4)
X056 42/69 U0p-25 wt % Pu0, @3n GE 5,906 10,600 29
5c2)
X057 223169 Structural (n PNL 1,216 15,000 3.0
281)
X058 42469 UO,-25 wt % Pu0,  B37) GE 5,330 16,000 20
(6F1)
X059 4/23/69 U0p-25 wt % Pu0, (37 PNL 5,330 17,500 18
(4A1)
X061 42369 Structural (n INC 6,100 18,000 13
(7A5)
X062 52369 U025 wt % Pu0, (371 GE 4,19 13,400 18
(6F3)
X063 6/29/69 Magnetic Materials (n ANL 3,766 5,400 0.8
(7F5)
X064 5/28/69 U0y-25 wt % Pqu 19 GE 4198 10,700 23
(4F2)
X065A° 10/2/69 Structural 23 ANL 600 600 01+03b- 04
(7E5)
X069 10/1/69 U0,-25 wt % Pu0,  (37) PNL 600 20,700 0.2
@rn

3¢stimated unperturbed center burnup accumulated on peak rod (fuels, at. %; nonfuels, nvt x 10-22),
bprevious exposure from another subassembly.

CSubassemblies X033, X044, and X065A are scheduled for removal before Run-39 startup.
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sodium-bond and sodium-level testing, and neutron radiography. In addition,
remotely operated equipment is being considered for the following opera-
tions: deencapsulation and reencapsulation, metallographic-sample cutting,
milling, and correction of defects in capsule sodium bonds observed during

interim examinations.

Some of the equipment for accomplishing the above func-
tions has been received at the Fuel Cycle Facility and are either being
checked out or modified for in-cell installation. Other equipment is being
designed or will be proposed for design and development.

5. Materials-Coolant Compatibility (D. W. Cissel)

a. Evaluation and Surveillance of EBR-II Materials

Last Reported: ANL-7618, pp. 35-36 (Sept 1969).

(i) Oxidation of Bi-Sn Alloy (W. E. Ruther)

The factors influencing the rate of dross formation in the
fusible seal of the EBR-II reactor were studied in the laboratory, using a
rotating cylinder in a beaker of the fusible alloy Bi-42 wt % Sn.

This brief investigation indicated that dross formation in a
simple rotating system may be a complex process. A single, linear oxida-
tion rate was found in only those few experiments in which the oxidation
product did not mechanically interact with the rotor.

In the more general case, the mechanical interaction of the
dross with the rotating system resulted in substantially greater oxidation
rates after an induction period. The oxidation rate during the induction
period was shown to be related linearly to the circumferential velocity of
the rotor in the range of velocities of interest in the EBR-II (0 to 100 in./
min) and to be independent of the rotor size. The very small effect of tem-
perature (between 160 and 200°C) during this induction period suggested
that the influence of temperature on the chemical reaction is quite small
for the range of interest to the reactor.

The secondary oxidation rate, reached after about 600 min,

was related linearly to velocity for a given rotor, but was dependent on

rotor size. The dross mechanically milled into the initially submerged

rotor surfaces permitted access of oxygen to a much larger interface between
liquid metal and air. Insufficient data were obtained to establish the rela-
tionship between the physical dimensions of the submerged rotor and the sec-
ondary oxidation rate. However, a single set of data at 200°C indicated an
approximately proportional relationship between the secondary oxidation rate



at constant velocity and the vertical submerged area of the two rotors. This
sort of relationship logically might be expected from the physical appear-
ance of the oxidized melt.

The duration of the induction period was related inversely
to the degree of wetting of the rotor by the liquid metal. It is suggested
that the poorer bond between the solid and liquid resulted in more slippage
at the interface and less mechanical force being transmitted to the liquid
metal. As a consequence, less shearing was required in the liquid metal,
and less tearing of the protective oxide film occurred.

No large effect of melt composition on the secondary oxi-
dation rate was found for variations in tin content between 37 and 47 wt %
or for addition of aluminum. Indium in a concentration of 4 wt % proved
to be effective in reducing the rate at which the basic alloy formed dross.
However, there was very little benefit derived from the indium addition
when sodium (at the level found in the actual seal trough) was added to the
alloy containing 4 wt % indium.

(ii) Examination of Overheated Primary-sodium Sampler
[E. D Claar)

On Aug. 6,1969, the heater circuits on the EBR-II primary-
sodium sampler were found to be energized. Apparently, the heaters had
been left on after the sampling operation on Aug. 1. Since the overflow
sampler had been heated to a temperature above 1000°F (the upper limit of
the temperature indicator), it was removed from the system and examined.

-
The results of metallographic examination of three sections
of the sampler follow:

(a) Type 316 Stainless Steel Swagelok Fitting. In the as-
polished condition a thin oxide coating was present at the outer surface (air
side); below this oxide, a subsurface reaction layer also was seen. Oxalic
acid etching revealed that this layer contained nitride precipitates that were
very similar to the nitrides formed in Type 304 stainless steel foils during
exposure to nitrogen at 1020°F for one week.

The inner surface (sodium side) also contained a re-
action layer. The ID appeared to have undergone nitridation and oxidation,
although the oxidation effect was masked by the heavy nitrides present in
the layer.

Etching of the section in boiling potassium ferricyanide
solution showed that no sigma phase had nucleated during the overheating
period.

47
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(b) Type 304 Stainless Steel Tubing. The outer surface
of the tubing exhibited an atmospheric oxidation product which penetrated
intergranularly to a depth of ~0.8 mil in some areas. The inner surface
suffered some degree of intergranular oxidation. The loss of grains due
to this penetration caused a general surface-roughening effect; however,
the maximum depth of penetration on the inner surface was less than 1 mil.

Both the Type 316 and Type 304 stainless steel com-
ponents exhibited grain-boundary carbide precipitates, indicating that the
materials had been heated within their sensitization-temperature ranges.

(c) Type 304L Stainless Steel Sodium-level Detector.
This detector had been partially immersed in sodium while the remaining
portion had been exposed to argon above the sodium level. The segment
exposed to sodium was heavily oxidized to a depth of 1 mil. The section in
the argon space exhibited slight intergranular oxidation less than 0.1 mil
deep in isolated areas.

The maximum temperature of the sampler during the
overheating cannot be determined accurately. Study of the phases present

in the stainless steels indicates a temperature within the broad range of
1000-1650°F.

The interactions of the stainless steels with their
environments (air and sodium) and the heating effects were not great enough
to cause doubt as to the safe operation of the sampler in the future.

(iii) Examination of EBR-II Neutron Source (Tantalum-clad
Antimony Source SO-1915) (R. V. Strain, V. G. Eschen, and
D. M. Cheney)

Preliminary results have been obtained from the postirradia-
tion examination of EBR-II neutron source SO-1915. This source had been
in the reactor (in Row 7) since initial startup and had accumulated a calcu-
lated maximum total fluence of approximately 4 x 10?2 nvt. Postirradiation
examination included measuring the diameter of the source, and performing
metallographic analyses and density determinations with samples of the
tantalum cladding of the source.

Table I.D.8 compares the diameters of the irradiated source
with those of an unirradiated control source fabricated from the same lot of
tantalum tubing. These data indicate that an increase in diameter occurred
as a result of irradiation. These initial measurements were made with a
micrometer; more accurate measurements will be made soon.

E
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TABLE 1.D.8. Diameters (in.) of Irradiated Source SO-1915
and Unirradiated Control Source

Distance from Top (in.)

1 4 8 10 13 15
S0-1915 0.930 0.924 Q919 0.920 0.922 0.922
Control 0.915 0.914 0914 0.914 0.914 0.914

Table I.D.9 compares the densities of samples of the irra-
diated and the unirradiated cladding. These data indicate that irradiation
swelling of ~4 vol % occurred near the midlength and bottom regions of the

irradiated source. The density
TABLE 1.D.9. Densities (g/cc) of Samples determinations were made by the
of Tantalum Cladding from Irradiated immersion technique, using CCly.
Source SO-1915 and Unirradiated
The samples from SO-1915 were
Control Source .
very small; larger samples will be

Sample Location run to improve the accuracy of the
N i, e OB,
SO-1915 16.5 16.0 16.0 Metallographic examination
Control 16.67 16.69 16.68 of samples from the top, middle, and

bottom of the irradiated source re-
vealed no evidence of corrosion at
either the OD or the ID surfaces of the tubing. The grain size varied con-
siderably from sample to sample, being smallest at the bottom region and
largest near the top end. Whether

these variations occurred during TABLE 1.D.10. Microhardnesses® of
Sample‘s of Tantalum Cladding from
Irradiated Source SO-1915 and
Unirradiated Control Source

fabrication or resulted from irra-
diation has not been determined.
Table I.D.10 compares the micro-
hardnesses of samples of the irra- Sample Location
diated and unirradiated cladding.

Top Midlength Bottom
These measurements show that con-
siderable irradiation hardening oc- S0-1915 217 302 311
curred in the tantalum material. Control 98.3 82.1 78.0

A microhardness traverse ranging
from the outside diameter to the in-
side diameter of the tubing showed
no hardness differences. The measurements were taken in about 0.005-in.
increments starting within 0.003 in. of the two surfaces.

2Average Diamond Pyramid hardness
values.

b. Examination of Materials from EBR-II Surveillance
Subassemblies (S. Greenberg)

Last Reported: ANL-7618, p. 36 (Sept 1969).

The graphite-containing cans from SURV-2 have been cut
open, and the density of the graphite determined. Table I.D.1l1 gives the
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results. The temperature during irradiation was approximately 370°C.
Metallography of the stainless steel is in progress.

TABLE 1.D.11. Effect of Reactor Exposure It is obvious that there has
on Density of Graphite in SURV-2 been no swelling since an increase

in density was observed. An in-

crease in density at approximately

4 x 10%! nvt is not altogether

Plain 1.5419-1.63762 1.6933 unexpected.*,**

Borated 1.5601 1.5639

e af Density (g/cmB)

Graphite Before Exposure After Exposure

The thickness of the car-
burized zone on the interior of the
cans was similar in general to that
after the SURV-1 exposure, i.e., ~0.03 to 0.04 mm. However, in contrast
with SURV-1, in which all graphite was easily removable from the cans,
some sticking occurred in SURV-2. Additional examination is in progress

to determine if there had been a reaction between the graphite and stain-
less steel.

2Range for six lots.

Tensile samples have been prepared from the can material.

c. Effect of Interstitial Elements in EBR-II Sodium (W. E. Ruther)

Last Reported: ANL-7618, p. 37 (Sept 1969).

A set of refractory metal wires including V, Nb, and V-Cr
alloys were exposed to the primary coolant during the 62.5-MWt EBR-II
run. All wires, including those of pure vanadium, appear to have survived
the exposure. Theyare being prepared for evaluation of interstitial con-
tent by internal friction techniques.

d. LMFBR Materials Evaluations (W. E. Ruther)

Last Reported: ANL-7606, p. 47 (Aug 1969).

The design of the Mark-KIl high-temperature subassembly for
materials exposure has been completed. The design outlet-sodium tem-
perature is 1250°F for 50-MWt operation. It is estimated that the outlet-

sodium temperature would be ~100°F higher under 62.5-MWt operating
conditions.

*:Indusuial Graphite Engineering Handbook, Union Carbide Co., Ch. 6, "Nuclear Graphite" (June 1961).
Reynolds, W. N., "Physical Properties of Graphite,"” Ch. 7, Elsevier Publ. Co., Amsterdam (1968).



L

6. Systems Engineering (B. C. Cerutti)

a. Surveillance, Evaluation and Studies of Systems

Last Reported: ANL-7632, pp. 49, 51-52 (Oct 1969).

(i) Surveillance and Evaluation of EBR-II Flow-monitoring
System (R. O. Haroldsen)

A study of the numerous flow monitors in the EBR-II shut-
down circuit was initiated to determine if the flow-monitoring system could
be simplified without compromising reactor safety. The study includes
some computer analysis of reactor temperature transients following simul-
taneous failure of both primary coolant pumps as well as other
considerations.

b. Plant Improvements

Not previously reported under this heading.

(i) Rotating-plug Seal-cleaning System (L. P. Cooper)

The new freeze-seal temperature-control system was in-
stalled during the reactor shutdown.

The blade thermocouples of the large and small plugs (12
and 8, respectively) were removed and replaced with ungrounded iron-
constantan thermocouples. These thermocouples were accurately posi-
tioned vertically by Swagelok fittings.

The in-plug controller, the control cabinet for the small
plug, and the ammeter and alarm panel were removed, as were the exten-
sion leads for the thermocouples in the troughs of the large and small plugs.
The rewiring associated with this modification was done simultaneously
with equipment removal.

The original 0.9X Variac was removed and replaced by new
Variacs for the lower heaters of the large and small plugs, making the seal-
heating systems of the two plugs independent of each other. The lower-
heater sections of the small plug were relocated by a minor rewiring change.
The temperature-control cabinets for the large and small plugs and the
ammeter cabinet for the seal heater were installed. The cabinets then were
wired in place. Thirteen faulty blade heaters were located; the necessary
repairs were made to place these heaters back into operation.

Checkout was completed for rewiring changes in motor con-
trol center R-4 and for the two Variacs which had been installed. The



52

control and alarm functions of the temperature-control system were checked
and found satisfactory. The freeze seals were melted, and power to the seal
heaters was adjusted.

The remaining work consists of checking the heaters, ad-
justing the heater sections to equalize heat distribution, and monitoring

the controller operation.

(ii) Installation of Instrumented Subassembly (J. B. Waldo)

The instrumented-subassembly drive system and the test-1
subassembly were installed in control-rod position No. 6 after the existing
control-rod drive and its associated equipment had been removed. Since
the control-rod drive was still usable, it was sealed in a specially designed
storage tube pressurized with argon. This storage procedure will allow
reuse of the drive without disassembly for cleaning.

Six control-rod drives were partially disassembled to
allow access to the central support column. An extension column, used to
support the instrumented-subassembly elevation drive, then was installed
along with the bellows-support structure and other auxiliary equipment.
The control-rod drives were reassembled after the installation had been
completed.

Circuit and operational checkout of the instrumented sub-
assembly was performed, first using a temporary control cabinet. When
operation was shown to be satisfactory, the subassembly was connected to
the fuel-handling console, and complete interlock and circuit checkouts
were performed in fuel-handling sequences A and H. After the checkouts,
the primary pumps were started to allow monitoring of the temperature
and flow-readout instrumentation of the subassembly. This completed the
testing of the subassembly.

Next, the gripper that secured the extension tube to the
subassembly was removed by using the pulling pipe. The lead- cutting tool
and drive were installed, and the leads were severed without difficulty.
The extension tube and the cutoff tool were removed as an assembly, using
the pulling pipe. Separation of the extension tube from the subas sembly
was very smooth. The subassembly was removed from the reactor, using

the normal fuel-handling equipment, and transferred to the temporary
coffin.

The test-2 instrumented subassembly was transferred
from its shipping container to a storage hole, where all final checks were
performed. The subassembly then was installed in the preheater and heated

to approximately 620°F. Test 2 was next installed in the primary tank, and
final assembly is in progress.
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7. Leak Detection and Location--Xenon Method (R. E. Rice)

Last Reported: ANL-7618, pp. 40-43 (Sept 1969).

a. Status of Xenon Tags (P. B. Henault and W. J. Larson)

The anticipated requirements for xenon tags for the next three
years have been forecast. Figure I.D.2 summarizes the present status and
predicted needs. Thirty-nine different tags may be required at one period
sometime during the next three years, probably not until early in CY 1972,
After that period, tags now in use will be removed from service as certain
subassemblies complete their irradiations, and new tags with the same
xenon ratios as in those subassemblies may be used in subassemblies
being inserted into the reactor for the first time.

Eighteen unique tags have been prepared, and seven of these
are in use or have been designated for use. The 11 remaining tags should
fill the needs of EBR-II through July 1970. These tags were prepared in
three separate batches, arbitrarily designated the Al, A2, and A3 series.
Each batch consists of natural xenon and an isotopically enriched xenon
made by Mound Laboratory. Enrichment has been differentiated by the
concentration of the lightest isotope, **Xe. The Al series was blended
from a nominal 12%-enriched xenon, the A2 from 6%, and the A3 from 1%.

Tables I.D.12, I.D.13, and I.D.14 show the isotopic compositions
of the first three series of tags. Also shown is the ratio of '*?Xe to '2*Xe
concentrations, a convenient means for identifying each specific tag. Other
ratios could be used, but '**Xe and '*°Xe are among those isotopes least
influenced by fission yield and burnup. *

TABLE 1.D.12. Isotopic Composition
of Al Series of Xenon Tags

Isotopic Composition (vol %)

Xenon
Isotope Tag 1 Tag 2 Tag 3 Tag 4 Tag 5
124 12.10 8.95 5.82 4.45 1.99
126 4.80 3.27 2.37 1.81 0.85
128 16.70 12.20 9.11 7.31 4.29
129 58.78 47.90 42.46 38.78 31.72
130 2.25 2:81 3.22 3.48 3.85
131 5.13 8.80 12.35 14.30 18.15
132 1.70 9.48 14.50 17.70 22.91
134 0.29 3.53 5.52 6.75 8.72
136 0.25 3.06 4.65 5.42 7.52
129/124 Ratio 4.86 5.35 7.30 8.72 15.94
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Fig. 1.D.2. Forecast of Anticipated EBR-II Requirements for Xenon Tag Mixtures through CY 1973%

*Dashed lines denote that a xenon tag mixture has been assigned and sent to the experimenter for the indicated subassembly or
group of fuel elements.
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TABLE 1.D.13. Isotopic Composition of A2 Series of Xenon Tags

Isotopic Composition (vol %)

Xenon
Isotope Tag 1 Tag 2 Tag 3 Tag 4 Tag 5 Tag 6 Tag 7 Tag 8
124 5,58 3.80 2.58 2.08 1.48 1318 0.91 0.72
126 1.92 b8l 0.90 0.73 [ 0.44 0,85 0.30
128 10.32 7.61 55 4.83 3089 3.47 < | 2.85
129 63.02 51.9 44.0 3880 36.2 34.0 3z.1 30.8
130 4.32 g l3 4.16 4.04 4.05 3.96 4.03 4.01
131 9.43 13.1 156 16.9 18.0 18.8 194 o7
132 5.03 11.8 16.6 110 21.1 22.5 235 24.3
134 0.34 a.57 5.68 6.83 7.88 8.43 9.00 gi3a
Eﬁ 0.026 275 4.80 5.68 6.65 L 7.69 TS
129/124 Ratio 11.29 13.66 17.05 19,18 22.91 28.57 b2 42.78
TABLE 1.D.14. Isotopic Composition of A3 Series of Xenon Tags
e Isotopic Composition (vol %)
Isotope Tag 1 Tag 2 Tag 3 Tag 4 Tag 5
124 1. 257 0.957 0.779 0.641 0:535
126 0.834 0.646 0.528 0.440 0.369
128 8.02 6.46 5.55 5.10 4.25
129 63.50 53.86 48.26 43.81 40.33
130 5.25 4.94 4.77 4.62 4.53
131 13711 15.20 16.40 17.32 18.16
132 7.46 1251 15.44 17.66 19.60
134 0.496 3.08 4.60 552 6.65
136 0.080 2.35 3.68 4.69 5.59
129/124 Ratio 50.52 56.28 61,95 68.35 D38

»

Table I.D.15 lists those specific tags which have been desig-
nated for use or are already in use. The subassemblies noted in the table
correspond to the dotted lines in Fig. I.D.2.

TABLE 1.D.15. Xenon Tags Now in Use or
Designated for Use in EBR-II

No. of

Tag Designation? Experiment or Date Put

(Series/Tag No.) Experimenter Subassembly into Core
Al/2 Battelle X073 12/69
Al/3 Battelle X074 12/69
Al/5 Argonne XX01 1y69
A2/l GE X058 4/24/69
A2/3 GE F-11A Open
A2/7 Battelle PNL-17 Open
A3/1 Battelle X069 10/1/69

2Refers to series designation and tag number in
Tables 1.D.12 through 1.D.14.



Efforts to increase the number of tags available are proceeding
in three directions:

(1) Development of a B Series of Tags. Inasmuch as '*Xe
could be produced from the thermal-pile irradiation of 1271, an early pro-

posal was made to blend 128¥e with varying mixtures of enriched xenon
from Mcund Laboratory. These mixtures, termed the B series, if blended
with the same conservatism as the A series, would provide about the same
number of tags as the A series. A purchase order for the development

of a manufacturing process for 128¥e recently has been issued to Douglas
United Nuclear, Inc. Devevelopment is expected to be completed in six
months. The purchase order also includes the option to produce a 1-liter
pilot quantity of 128%e;

(2) Development of a C Series of Tags. Quantities of Mound
Laboratory xenon enriched in "“'Xe to 5% (720 cc) and 20% (480 cc) were
purchased. Calculations indicate that the greatest number of additional
tags can be prepared by blending this xenon with "1%" Mound Laboratory
xenon. These tags will be termed the C series. Approximately 30 tags
should be available from this series.

The Idaho Facilities chemical analytical laboratory is
preparing equipment for the blending of this series. The first C-series
tags are expected to be blended in Jan 1970. The same apparatus will be
used for blending the B series when '?Xe becomes available.

(3) Refinement of Recovery and Identification Capabilities.
The total number of unique tags available from the A, B, and C series is
conservatively estimated to be of the order of 60 to 70. However, calcula-
tions based on more realistic limits and anticipated efficiencies of the tag-
sampling system, charcoal trap, mass spectrometer, etc. put the total
possible number of available tags from these three series at several hun-
dred. Efforts are being made to refine the present techniques and establish
limits for important variables where possible. These efforts include:

a) experiments to determine xenon solubility and entrap-
ment in the primary coolant,

b) experiments to determine the effects of irradiation on
tag ratios,

c) increasing of the sensitivity of the mass spectrometer
to the ultimate limit,

d) provision of the capability to conduct the best possible
calibration of the mass spectrometer, and

e) study of the feasibility of better tag-injection techniques.
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b. Xenon-tag-sampling System (C. W. Wilkes)

Drawings and specifications for the xenon-tag-sampling system
have been completed, and the components are being fabricated and installed.
This system will utilize a charcoal-bedcold trapto concentrate the fission-
product xenon isotopes for analysis by a mass spectrometer.

c. Increased-capacity Purging System for Primary Cover Gas
(C. L. Livengood)

Preliminary design of a higher-capacity system for purging the
primary-tank cover gas has been started. The objective of this system is
to permit purging of a xenon tag from the primary-tank cover gas within
12 hr after a subassembly containing a leaking fuel element or capsule has
been removed from the reactor.
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8. Reactor Analysis, Testing and Methods Development

Last Reported: ANL-7632, pp. 52-65 (Oct 1969).

a. Nuclear and Thermal Analyses

(i) BEMOD Calculations of a Row-7 Blanket Fuel Pin
(J. F. Koenig, C. C. Ford, and C. M. Walter)

The BEMOD computer program was used to determine the
characteristics of a blanket fuel pin during irradiation in reactor Row 7 of
EBR-II. Calculations were made for the hot pin adjacent to the core with
the reactor operating at 50 and at 62.5 MWt. The study was conducted to
determine the feasibility of increasing the irradiation beyond the current
burnup limit of 0.27 at. %. The results of the calculations indicate that the
burnup could be increased to 0.5 at. %.

For an unirradiated blanket fuel pin, fuel expansion of 11%
can be accommodated before the fuel contacts the cladding. Since the
volume of cold sodium is about double the initial volume of gas in the
element, there is a possibility of developing high gas pressures if swelling
of the fuel and thermal expansion of the sodium cause displacement of
sufficient sodium to the space normally occupied by the gas.

The blanket fuel-swelling characteristics were based on
PNL studies* of fuel with similar composition. The temperature dependence
is given by the following equation, with a maximum swelling of 120% per
percent of burnup occurring at 895°F:

- & 2
% burnup(1.27 121 %10 4AT )
1+ (P/250)(1 - 0.75x 10-4AT?)

AV/V =

where P is the larger of the plenum pressure or the fuel-cladding contact
pressure in psi, and AT is the difference between 895°F and the average
fuel temperature in °F. It was assumed that the fuel was compressible and
that a pressure of 1000 psi would compress the swelling 80% at the maxi-
mum fuel-swelling temperature. The initial calculation, reported in
ANL-7632, indicated that the maximum fuel swelling occurred higher in
the pin than did the maximum measured swelling. Therefore, the maximum
fuel-swelling temperature was reduced from 995 to 895°F to bring the
measured and calculated swelling into agreement. For the 62.5-MWt heat
rating, the maximum swelling temperature occurs at the axial flux peak.
This calculation should represent the worst fuel-swelling condition.

A subassembly power generation of 114 kW was used for a
7N4 position. This corresponds to an exposure of 12,000 MWd at a maximum

* . . 3
Legett, R. D4,_e.t al., Basic Swelling Studies, BNWL-SA -154 (Sept. 19, 1965).
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burnup of 0.27 at. %, which is representative of current Row-7 exposure
limits. Due to the radial flux profile, the hot pin in the subassembly would
generate 42% more heat than the average. This corresponds to 8500 W/pin,
or 5700 Btu/hr-ft. If the 22.2-gpm subassembly flow is assumed to distrib-
ute itself uniformly in the subassembly, the coolant adjacent to the hot pin
would reach 892°F. The heat rating, coolant-temperature rise, and neutron
flux for 50-MWt operation were increased by 25% to determine blanket-pin
swelling characteristics at 62.5 MWt. The swelling of the annealed

Type 304 stainless steel cladding which is caused by neutron fluence was
predicted by the following equation:*

1.55x 10% 5.99x1o">
T e

AV/V = 4.9 x 1074 (pt)-"' 10 3

where AV/V is the cladding swelling in percent and T is the temperature
in °’K. For the blanket pin, BEMOD calculates that most of the cladding
swelling is due to neutron fluence.

R T The BEMOD calculations indicate that the

O T AmrowTHAEMEMELNS | fyel expands rather rapidly and would be in contact
with the cladding at ~0.15-at. % burnup. Once
contact is made, the fuel is compressed and its
rate of growth reduced. The contact pressure is

s
T

T

5
T

@
I

)
T

much greater than the plenum pressure and will
cause the cladding to creep. The calculated fuel
swelling at the current burnup limit (0.27 at. %)
is shown in Fig. I.D.3, which also shows the
average measured fu‘el swelling at this burnup.

VOLUME SWELLING OF FUEL (AV/V), %
»
T

~

°

LENGTH OF FUEL, in.

Fig. 1.D.3. Calculated and Meas- The agreement between the two indicates that
ured Swelling of Fuel the fuel-swelling model is acceptable, and,
in an EBR-II Blanket therefore, the calculated gas pressure in the pin
Subassembly should be representative of the actual pinpressure.

The maximum calculated burnups at 2% maximum cladding
growth are summarized in Table 1.D.16. The maximum cladding growth
during burnup is shown in Fig. 1.D.4.

At 0.27-at. % burnup, 95% of the TABLE 1.D.16. Maximum Blanket-pin
calculated cladding growth is due Burnup at 2% Gladding Growth
to neutron fluence. At 2% total

. Maximum
growth, ~75% of the growth is due Burnup  Irradiation
to neutron fluence. The remainder Condition (at. %) Time (MWd)
of the growth originates primarily
from fuel-cladding contact pres- 20 MWt

7 t - 0.536 24,000
sure, which reaches a maximum 5700 Btu/hr-ft
value of 1000 psi. The buildu 62.5 MWt

B . 7100 Btu/hr-ft 0.530 23,900

of pressure in the gas plenum is

*Claudson, T., PNL, private communication.
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I I T negligible, rising to a maximum value of
only 200 psi. The cladding growth and
resultant creep are controlled by the fuel-
cladding contact pressure rather than the
plenum pressure. The maximum burnup at
2% cladding growth is essentially unaffected
by the allowable variation in the initial
sodium level.

CLADDING GROWTH, %

The results of these calculations

indicate that the burnup limit can be in-

| | | | creased to ~0.5 at. %, which corresponds

5 > 0':unuup,°':m. Ran L to 2% cladding growth. When this growth

. ] is reached, the spacing between subassem-
P LPis Falcmat?d e Qrowm blies will be reduced to the point where the
in Cladding vs Burnup in

Blanket Subassembly subassemblies will have to be replaced.

b. EBR-II Reactor Safety Surveillance (A. V. Campise)

The AIROS dynamic-simulation digital code has proved highly
effective in providing analytical solutions to a wide spectrum of EBR-II
dynamic-response and safety problems. Proposed improvements in the
existing AIROS code will adapt the program to specific EBR-II safety
questions. The modified AIROS program will provide the EBR-II Project
with an excellent means of simulating various abnormal reactor operating
conditions.

The dynamic-simulation model couples the neutronic-thermal-
hydraulic effects inherent in the EBR-II core in a closed-loop reactivity-
feedback system to analyze experimental rod-drop data. If only the effects
of fuel axial expansion and sodium density are used, the rod-drop data over
the first 40 sec of experiment recording time can be reproduced qualitatively
(time response) and quantitatively (magnitude of reactivity feedback). By
assuming a value for one parameter (variable positive bowing coefficient)
and using predicted negative feedbacks that are independent of power level
at full flow, rod-drop data acquired for stainless steel-reflected cores can
be shown to agree with this assumed model. The semiquantitative results
obtained agree with the results of other types of measurements made during
the time the EBR-II was loaded with a stainless steel reflector. The follow-
ing conclusions come from the application of this model,

1. The prompt-feedback network in EBR-II through Runs 36A
is composed principally of effects caused by axial expansion of fuel and by
changes in sodium density.

2. Positive bowing from the stainless steel reflector was
present in cores in Runs 26B through 29A.



3. At low powers (<12.5 MWt) and with a stainless steel
reflector, there was no thermal bowing. Under those conditions, the basic
dynamic model using only computed negative temperature coefficients gave
excellent results with rod-drop data.

4. If a ¥5% uncertainty in the reactivity worth of the stainless
steel drop rod is assumed, the following variations could be made in the
system parameters without exceeding the uncertainties of the experimental
data:

a. *18.6% variation in the sodium-temperature coefficient;
b. *15.4% variation in the fuel-temperature coefficient;

c. *9.8% variation in the primary-coolant flow;

d. *8.3% variation in the reactor power.

5. The reactivity feedbacks in the radial blanket can be
assumed to be zero and still not affect the comparison of theoretical versus
experimental rod-drop data.

6. There are definitely reactivity feedbacks from changes in
sodium-coolant temperature and from the effects of fuel expansion in the
rod-drop data; zeroing out these effects would cause the model to deviate
markedly from the experimental measurements.

7. The dynamic-simulation model can be used in analyzing the
transient response of EBR-II irradiation cores.

c. Analysis of Subassembly Bowing (D. Mohr and L. K. Chang)

The specific differential equation for unrestrained thermal
deflection in BOW-V has been identical to the equation used in all previous
ANL bowing programs. This equation can be written as

a2y -Mt(z)  canT(z)

dz2 N IZ(-: D ’
where

y = materialdisplacement of subassembly;

z = axial location along subassembly centerline;
MT(z) = thermal moment;

I, = moment of inertia;

€ = Young's modulus;

61
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C = a constant dependent on temperature distribution along the
periphery of the hexagonal can;

o = linear coefficient of thermal expansion;

AT(z

~
1

temperature difference across flats of hexagonal can as
function of z;

D = equivalent outside diameter of the hexagonal can.

The value of C is significant in BOW-V analysis. Up to the
present time, C has been assumed equal to unity, which is true for the
case of a solid rectangular bar in which the temperature distribution
varies linearly from side to side. Use of unity for C, however, was
questioned because:

1. hexagonal-can geometry is poorly approximated by a
rectangular cross section,

2. detailed temperature calculations for EBR-II subassemblies
show that temperature distribution, in general, is not linear, and

3. the hexagonal can, which is assumed to contribute over 95%
of the total subassembly rigidity, is hollow.

Analysis of MT(Z) and I, for a hollow hexagonal can with
arbitrary temperature distribution along the periphery* showed:

1. the maximum variation in C is about 0.6 to 1.25 due to
temperature distribution;

2. the actual temperature distributions in EBR-II suggest
a C of 0.65 to 0.70 for most subassemblies;

3. hexagonal-can geometry is well approximated by cylindrical
geometry, i.e., C is essentially independent of the geometry chosen for this
evaluation.

The results of BOW-V calculations of core compression and
bowing reactivity versus power, using C = 0.70, were much closer to
experimental values than when C = 1.0. For Run 25 (stainless steel
reflector), for instance, the calculated reactivity values with C = 0.7 are
about 10% higher than the measured values, whereas the calculated values
with C = 1.0 are at least 70% higher than the measured values.

* : . . e 5
This analysis assumed in all cases that the temperature distribution across a hexagonal can was
symmetrical about the major axis of symmetry.
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d. Work with MELT Codes (G. H. Golden and R. H. Shum)

The MELT-I code* was used to determine the effects of various
ramp rates of reactivity insertion ranging from lO#/sec to 50$/sec on a wet-
critical EBR-II configuration. The reactor was assumed to be at 0.01% of
full 62.5-MWt power and at 2% of full flow. Positive reactivity effects were
due to the unbonded ramp input and the resulting collapse of fuel. The only
negative effect was a constant fuel-expansion value of -3.9 x 1076 Ak/k per
°K. The results of the calculations are summarized in Table 1.D.17.

TABLE 1.D.17. Summary of MELT-| Results for EBR-1I Wet-critical Configuration at 0.01% Power and 2% Flow

Kin Time after Start Average Power Density Total Energy Net k Collapse k Collapse k Total P
($/sec) of Transient (sec) (W/cc of fuel) Release (MW-sec) (@ @ ($/sec) ($/sec)
010 ~9.952 ~2.0 x 104 ~220 ~80 ~70b ~10P ~10P

050 2.278 2.19 x 104 235 80.0 68.10 23,70 2.2
1.00 123 2.10 x 104 28 78.0 62.9" 20,50 2150
5.00 0310 1.28 x 105 240 96.5 49.9 1.57 12.6
10.00 0.176 1.63 x 10° 234 97.3 29.3 129 17.3
10.009 0.176 1.63 x 10° 234 97.3 29.3 5.97 16.0
20.00 0.0967 2.26 x 10° 230 98.1 13.0 4.82 24.8
50.00 0.0411 432 x 10° 218 99.0 241 195 52.0

3Time to reach peak average fuel temperature (2630°K).
:Model for collapse k becoming questionable.
Totak k = Kin * Kcollapse-

91n slumping equation, (@2H/dt?) + & (dH/dt) = -g; € = 0.3

For the following reasons, these results should be considered
only as qualitative:

1. The temperature throughout the core as a function of time
is not well-characterized because of the projection scheme for heat transfer
used by the code and also because the heat content versus temperature for
the U-5 wt % Fs fuel was approximated. \

2. Characterization of incipient slumping was difficult because
of item 1 above, and because of a lack of understanding of the actual physical
processes involved.

3. The fuel-expansion effect was assumed constant, i.e.,
independent of the physical state of the fuel.

4. A perturbation model was used to estimate collapse feed-
back, which became increasingly inaccurate with the lower ramp insertion
rates.

Work is underway to improve these results both by using a newer version
of the MELT code and by refining the input data.

*waltar, A, E., MELT-I, A Simplified Meltdown Code for Fast Reactor Safety Analysis, BNWL-944
(Dec 1968).
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e. Thermal-Hydraulics of a Predominantly Oxide Core for EBR-II
(G. H. Golden)

To investigate potential safety problems associated with the
increasing number of experimental oxide subassemblies being placed in
EBR-II, a predominantly oxide core was specified as one limiting point of
reference. The thermal-hydraulic behavior of such a core, described in the
Progress Report for November 1968, ANL-7518, pp. 39-40, has been com-
puted using the SNAFU modification* of the EVALUATE code. Key input for
these calculations is summarized in Table 1.D.18.

TABLE 1.D.18. Input for Thermal-Hydraulics Calculations of
Oxide Core for EBR-II

Reactor Power 62.5 MWt

Sodium Inlet Temperature 700°F

Average AT in Core 190°F

Fuel-transition Temperatures 1650°C; 2150°C

Conductance of Fuel-cladding Gap 1000 Btu/hr-ft?-°F

Hot-spot Factors Fcoolant —pl:L5 Fgap = 1.30
Ffilm = 1.25 Ffuel = 1.20
S g =

Bypass Flow 0.5%

Power distributions were obtained via one-dimensional diffusion
theory using the ANL-23806 cross-section set. Safety subassemblies were
fully inserted, and control subassemblies were 85% inserted. Calculations
were done initially for a uniformly enriched core and subsequently with a
ratio of enrichment in Rows 5 and 6 equal to that in Rows 1-4 so that a
minimum core radial maximum-to-average power distribution was achieved.
Results of the thermal-hydraulics calculations are summarized in
Table I.D.19. The minimum fuel temperature occurs at an enrichment
ratio of 1.3/1; at this enrichment, the peak fuel temperature at 10% over-
power is less than the peak fuel temperature at normal power for the
"unflattened" core.

TABLE 1.D.19. Thermal-Hydraulic Characteristics of Oxide Core
Subassemblies in EBR-II (temperatures include hot-spot factors)

Peak Average Coolant Peak Peak
Uranium- Linear Velocity in Peak Coolant Cladding Peak Fuel
enrichment Radial Power Subassembly Tempera- Tempera- Tempera-
Ratio Pmax/Pavg (kW /ft) (ft/sec) ture (°F) ture (°F) ture (°F)
0.557/0.557 = 1.0/1 1.259 14.7 23.4 1012 1086 5222
0.637/0.490 = 1.3/1 1.121 13.1 20.3 1004 1084 4854
0.660/0.471 = 1.4/1 1.136 13.3 20.6 1005 1084 4891
0.681/0.454 = 1.5/1 1.157 13.5 200 1007 1084 4944
0.637/0.490 = 1.3/12 Isl2] 14.4 20.3 1034 1122 5159

2 0% overpower conditions.

*See Sect. 1.D.8.g for more details of the modification.
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f. Temperature Distribution in a Mechanically Mixed Oxide Fuel
(R. K. Lo)

A transient-heat-transfer computer code (THTB) was used to
predict the temperature distribution in heterogeneous UO,;-PuO, fuel for the
case of a power increase following the postulated unplanned insertion of a
control rod in an EBR-II core operating at 62.5 MWt. The reactor was
assumed to be tripped on a sodium exit temperature of ~990°F, and the
time delay in instrument response was assumed to be 10.0 sec. The fuel
rod considered was 0.25 in. in diameter, the cladding was 0.015 in. thick,
the PuO, particles were 20 u in size, and the UO, particles 500 u. The
contact conductance between the PuO, and the UO, particles was taken as
4000 Btu/hr-ftz-°F, and that between the UO, particles and the cladding as
1500 Btu/hr-ft2—°F. The heat-transfer coefficient between flowing sodium
and the cladding was assumed to be 1400 Btu/hr—ftz-"l?‘, and the linear heat
generation 16 kW /ft.

T T T T By assuming that the fuel was
located at Row 4 and that all the uranium

NOTE: 238 - % 4
= was ot ower density in
REACTOR ASSUMED TO o s Fhe relative puss - Y

90 |— BE TRIPPED ON SODIUM e the plutonium was calculated to be 79.9%,
E’S;OT,?‘:’ES_:::RE o8 and that in the uranium to be 20.1%. (The
TIME DELAY IN volumetric heat generation of PuO, par-

INSTRUMENT RESPONSE

ticles was 5.803 x 10°® Btu/hr-ft?, and that
of UO, particles was 1.461 x 108 Btu/hr—
7. ) By using as input the power trace
shown in Fig. I.D.5, computed with the

3] AIROS II-A code, and physical data out-
lined above, the temperature distribution
in the PuO, and UO, particles was obtained.
The calculated volume-weighted average
temperatures are shown in Fig. I.D.6.
For this case, the volume-weighted tem-
perature of PuO, is almost exactly the
same as that of the UO,.

@
(s}

POWER, MWt
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g. Thermal-Hydraulics Code for
4 EBR-II (J. L Gillette)

The thermal-hydraulics code
a0 | | | ] EVALUATE has been rewritten for appli-
0 10 20 30 40 cation to EBR-II and is now called SNAFU.
W The code modifications include changes in
) g input and in the basic characterization of
Fig. 1.D.5. Power Increase Following 2
Sl iy etitan o the reactor. In the first category are
a Control Rod in an changes which: allow the thermal power
EBR-II Core Operating (instead of the electric power) and the
at 62.5 MWt thermal efficiency of the reactor to be
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VOLUME-WEIGHTED AVERAGE TEMPERATURE

Fig. L.D.6.

o
o

OF U0, AND PUO3, °FxI072
o
3

25

I I | I I
NOTE:

REACTOR ASSUMED TO BE =
TRIPPED ON SODIUM EXIT
TEMPERATURE OF ~990°F;
10.0sec TIME DELAY IN
INSTRUMENT RESPONSE

8 U0z =

| | | | | |

5 10 15 20 25 30 35
TIME, sec

Calculated Transient Average
Temperature for Power Increase
Following a Postulated Insertion
of a Control Rod in an EBR-II
Core Operating at 62.5 MWt

used as input; allow the physical dimen-
sions of the subassemblies to be read in;
and allow the area of the reactor to be
calculated instead of attempting to char-
acterize EBR-II as a cylinder. A new
feature of the code is that it now includes

a model for the restructuring of oxide fuel
as recently proposed at ANL (see Progress
Report for June 1969, ANL-7581, pp. 1-2).

The characterization of the reactor
has been changed by dividing the power
between the driver subassemblies and the
control and safety subassemblies. The
design of the control and safety subassem-
blies makes this division of power neces-
sary for accurate description of EBR-II.

The division of power requires a renormal-
ization of the power distribution. This is done by using the average fission
density in a region and the region volume to reapportion the power according
to the ratio of the mass of fuel in driver subassemblies to that of fuel in the
control and safety subassemblies in any particular row. (This normalization
procedure assumes that the driver subassemblies and the control and safety
subassemblies contain the same kind of fuel at the same density, butis readily
modified when different types of fuel are encountered.) After the power
reapportionment has been completed, the determination of the required power
ratios--(Prow i/ﬁcore) and (Pax row i/Prow i)-- can be found in the usual
manner. The advantage of this method of analysis is that it allows for ac-
curate determination of the thermal-hydraulic properties of both driver and
control and safety subassemblies, whereas the original code simply smeared
the power over the core containing all kinds of subassemblies.

h. Postirradiation Evaluation of Silicon Carbide Temperature
Monitors in Driver Subassemblies C-2211S and C-2214S
(V. G. Eschen)

Postirradiation evaluation of silicon carbide (SiC) temperature
monitors removed from various positions in driver subassemblies C-2211S
and C-2214S was completed. The irradiation temperatures "seen" by the
SiC capsules were calculated. The calculations were based on comparison
of preirradiation length with the changes in postirradiation length that
resulted from heat treating the samples at temperatures above the irradiation
temperatures. The results of the calculations are presented in Table I1.D.20.

The temperatures listed in the table appear to be higher than
those obtained from other types of sensors used in the same subassemblies,
which were known to be reasonably accurate. Therefore, improvement in



the SiC technique is considered possible and desirable. One way to improve
the technique appears to be to increase the length of the SiC monitors to

1 in. from the currently used 1/2 in. This should proportionately increase
the magnitude of the change in length that is induced by irradiation. There-
fore, measurable length changes could be obtained at heat-treating tempera-
ture intervals that are smaller, thus providing more data points for relating
length changes as a function of heat-treating temperatures. This should
improve the accuracy of the temperature-measuring system. Present plans
include evaluation of temperature monitors of greater length.

TABLE 1.D.20. Postirradiation Experimental Results for
Silicon Carbide Temperature Monitors from Driver
Subassemblies C-2211S and C-2214S

Subassembly Irradiation
Number and Temperature

Location of Capsule Capsule Indicated by

in Subassembly Identification Monitor (°F)

C-22118 20-1-A 1000

Center of Upper 20-1-B 1000

Shield Section

€-2211s 20-2-A 1015

Bottom of Upper 20-2-B2 =

Shield Section

C-22118 20-3-A 725

Top of Lower 20-3-B 720

Shield Section

C-22118 20-4-A 725

Bottom of Lower 20-4-B o 710

Shield Section

C-2214S8 20-5-A 1050

Middle of Upper 20-5-B 1065

Shield Section

C-2214S 20-6-A 1055

Bottom of Upper 20-6-B 1065

Shield Section

C-2214S 20-7-A 760

Top of Lower 20-7-B 750

Shield Section

C-22118 21-11-A 905

Top of Upper 21-11-B 905

Shield Section

C-22118 21-12-A 960

Top of Upper 21-12-B 965

Shield Section

aSpecimen was found to be broken when removed from the
capsule.

67
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9. Driver Fuel Development (C. M. Walter)

a. High Burnup Encapsulated Irradiations (W. N. Beck)

Last Reported: ANL-7618, pp. 56-57 (Sept 1969).

(i) Postirradiation Examination of Encapsulated Mark-IA
Element BF08. Mark-IA Element BF08, which had been irradiated at a

maximum cladding temperature of 478°C and to a calculated burnup of

2.6 at. %, is being given a detailed metallographic examination. The ele-
ment was recovered in excellent condition. The maximum measured change
in the element diameter (AD/D) was 1.2%, of which 0.5% is calculated to be
due to swelling of the cladding. The fuel, a high-swelling alloy containing
78 ppm of silicon, had swollen to make intimate contact with the ID of the
cladding; the extreme ends, however, were separated from the cladding by
an annulus of 0.002 in. The fuel column had elongated 2.7%, but was still
0.062 in. shorter than the maximum length allowed in the element design.
The amount of fission gas released to the plenum of the element was deter-
mined to be 0.54% of theoretical.

An attempt is being made to determine the plenum pres-
sures in three high-burnup Mark-IA elements (including Element BF08)
at their respective operating temperatures. An apparatus has been built
and installed in the metallurgy Alpha-Gamma Hot Cell to permit pres-
surizing the element plenum while at temperature. The length of the fuel
element first is measured as a function of temperature. Next, the plenum
of the element is punctured, letting the plenum gas escape. Then gas from
an outside source is forced into the element to bring its length back to that
of the intact element. The first test was conducted with Element BF08.
The results were not conclusive because the cladding of the element
experienced an unexpected localized break while the element was at 450°C
and the pressure in its plenum was 3000 psi. Tube-burst tests previously
performed on irradiated element tubing indicated that, at 450°C, failure
should be expected at pressures near 7500 to 8000 psi. Figure 1.D.7 shows
the break, which is 0.080 in. long and which produced an elevation of
0.015 in. in the cladding. Transverse metallographic sections were made
through the area of the fracture. Etched surfaces of the cladding in the
immediate area of the failure exhibit intergranular separation. The failed

section will be examined by an electron microprobe for evidence of ele-
mental carbon in the grain boundaries.

Figure I.D.8 shows the transverse section through the
middle of the break. The fuel did not expand and follow the contour of the
deformed cladding; instead, it appears to have been compressed. The diam-
eter of the cladding on each side of the break did not change as a result of
the applied pressure; however, a continuous narrow channel now inter-
connects the area of the failure and the plenum. An expulsion of sodium
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accompanied the break, signifying that the bond sodium which accumulated
in the plenum region created the hydrostatic pressure that was applied to

the weak section of the cladding.

3.3X

Fig. I.D.7. Localized Cladding Break in Element BF08 (2.6-at. % Burnup) Which Occurred
during Postirradiation Pressure Tests at 3000 psi and 450°C

17X

Transverse Section through Middle of Break
in Element BF0O8 Which Occurred during
Postirradiation Pressure Tests at 3000 psi
and 450°C

Fig. 1.D.8.

and is domed. Fuel volume expansion is calculated to be 38%.

Two additional ele-
ments (BF02 and BF03), which
have reached a calculated maxi-
mum burnup of 3.7 at. %, are
scheduled to be pressure tested.

(ii) Postirradiation
Examination of Mark-II Elements.

Irradiated encapsulated Mark-II
Element 207 has been sectioned
and is being examined. The ele-
ment had been irradiated at a
maximum cladding temperature

of 531°C and to a calculated
burnup of 3.5 at. %. The fuel is
making intimate contact with the
ID of the cladding over its entire
length. The crimp-type restrainer
had been initially set at 0.20 in.
above the fuel column.
radiographs which had been
taken at 2-at. % burnup showed
the fuel touching the bottom edge

Neutron

of the crimps. The fuel is now
even with the top edge of the crimp
The fission

gas released to the plenum was recovered and was determined to be 49% of
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theoretical. Void formation and bubble distribution are very similar to
those observed in elements examined at lower burnups. There is no
evidence of diffusion zones or of interaction between the fuel and the

cladding.

b. Fuel and Cladding Surveillance

Last Reported: ANL-7632, pp. 65-71 (Oct 1969).

(i) Surveillance of Extended-burnup Driver Fuel (J. P. Baceay
A. K. Chakraborty, and G. C. McClellan)

Figure 1.D.9 is the most recent revision of the curve
relating irradiation swelling of driver fuel to burnup. This figure is based
on all data obtained from examinations of fuel produced in both the hot line
and cold line of the Fuel Cycle Facility.
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Fig. 1.D.9. Volume Swelling of Mark-IA Driver Fuel as a Function of Burnup

Figure I.D.10 summarizes the changes in the diameter of
driver fuel as measured for 36 high-burnup elements. Elements exhibiting
more than and less than 14% volumetric fuel swelling are identified in the
figure. All but 4 of the 36 data points lie within the 95% confidence band of
the swelling expected from fast-neutron irradiation of the stainless steel
cladding* of the fuel elements. Therefore, no real plastic strain of the
cladding can be discerned at the burnup levels considered to date.

. The information shown was used in an ANL proposal to
RDT for increasing the maximum burnup limit of EBR-II driver fuel from
the present 1.5 to 1.8 at. %. These limits are indicated on Fig. I.D.9.

*Claudson, T. T., PNL, private communication.
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(ii) In-pile Creep Studies (C. M. Walter and M. A. Pugacz)

Uncertainty as to the proper creep equation for BEMOD
calculations has led to the development of a program to obtain missing
information in this area. There is an almost universal interest in in-pile
creep data for stainless steel for use in core design and for predicting the
capability of fuel elements throughout the LMFBR community.

The initial experiment of the program consists of irradiating
a Mark-B37 subassembly (XO65) containing 18 pressurized annealed
Type 304L stainless steel tubes exposed directldy to the flowing primary
sodium in EBR-II. These tubes are 0.290 in. in outside diameter, have a
20-mil wall, and are 60 in. long. They have been charged with helium in
groups of three to give hoop stresses of 10,000, 15,000, 20,000, 25,000,
30,000, and 35,000 psi at the 700°F sodium inlet temperature, and are
being irradiated in a 7N5 position. The remaining 19 positions in the
subassembly contain dummy tubes, rods, temperature monitors, and flux
monitors.

Table I.D.21 presents the results of the first reactor run
(1200 MWd) of the experiment. The AD/D values (% change in diameter)
are greater at the tops of the tubes than at the bottoms. This is a result
of higher temperatures at the tops, which are mainly due to radial conduction
of heat into the subassembly from adjacent subassemblies. The AD/D values
at the bottoms (which are at 700°F) are quite consistent with the values for

primary thermal creep found in out-of-pile thermal controls (see Table 1.D.22).

A typical diameter profile, shown in Fig. I.D.11, gives no indication of
enhanced creep in the high-flux region within the data scatter. (The bottom
of the reactor core is 23 in. above the tube bottoms.) The figure plots aver-
age values of diameter measurements at 0° and 90° orientations for the

nre- and postirradiation conditions.

Tl



TABLE 1.D.21. Results from First Reactor Cycle of In-pile Creep Experiment®

Initial Peak Fluence (calc) Peak Flux (calc) AD/D ()
Hoop Stress Capsule >0.1 MeV >0.1 MeV e St N
(psi) Number (n/cm? x 10~21) (n/cm?-sec x 1071%) Bottom Top
Dummy
Dosimeter P-19 1,93 0.93 0.07 0.06
10,000 P-32 2 13 1.02 0.07 0.08
10,000 P-39 1.93 0.93 0.09 0.09
10,000 P-49 1887 0.90 0.13 0.09
15,000 P-34 2,23 1.07 0312 0.12
15,000 P-40 1.56 0275 0.09 0.13
15,000 P-43 L7 0.83 0.06 0513
20,000 12k 2513 1.02 (0)515) () 2¥e]
20,000 P-41 1293 0298 0,12 0.34
20,000 P-42 il 7l 0.83 (0151 s 0.19
25,000 i =5() 2.08 1.00 0.23 0.60
25,000 P-44 1.96 095 0.43 0.52
25,000 B 5 1.87 0.90 0.34 0.45
30,000 P-36 2.44 117 0.66 1.02
30,000 P =37 1.76 0.85 0.72 0.90
30,000 P-29 1856 (0] 77k 0.83 091
35,000 P-38 2.34 L2 (0 1522
35,000 P-45 219 1.05 1.14 1.14
35,000 P-48 1793 0.93 0.86 1.52

2Time at power, 544 hr; total time in reactor, 1154 hr.

TABLE 1.D.22. Out-of-pile Biaxial &3 | I T I I
Creep of Thermal Controls (725°F)2 294 — M
S293 — AFTER IRRADIATION
Hoop Stress (psi) AD/D (%) x
E292 —
15,000 0.02 G0 |-
w
u *W%
20,000 0.07 < o0 BEFORE IRRADIATION
25,000 0-.25 2.89 —
288 | | | | |
50000 0.65 [¢) 1 2 3 4 5 6
35.000 0.95 DISTANCE FROM BOTTOM OF CAPSULE, in. x 107}
aCreep test ran for 25 to 200 hr. The Fig. I.D.11. Pre- and Postirradiation Diameter
AD/D values appear to be independ- Profiles of In-pile Creep Capsule P-38.
ent of time. Initial hoop stress was 35,000 psi.

The first attempt at measuring temperatures by use of
melt wires was unsuccessful. Temperature-monitoring capsules containing
silicon carbide pellets and sodium-expansion indicators are being assembled
for the earliest possible insertion into the subassembly. The temperature
near the tube tops is not known. After this temperature has been determined,
more-thorough out-of-pile tests with thefmal controls will be performed.

Subassembly XO65 has been irradiated for a second cycle
(600 MWd) in EBR-II and is awaiting inspection. It is hoped that succeeding
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cycles (three to six are planned) will show increasing AD/D values in the
high-flux portion of the tubes. At EBR-II operating temperatures, secondary
thermal creep in stainless steel should be near zero.

Some important facts learned from the first experiment
(Creep 1) will aid in the design of the second experiment (Creep 2). There
is only one well-defined temperature in EBR-II: the 700°F sodium inlet
temperature. It was hoped that Creep 1 would operate at 700°F, but radial
conduction from adjacent subassemblies turned out to be a significant
problem. Creep 2 will employ a subassembly design (double hexagonal can
with an intermediate gas gap) that should effectively thermally insulate the
test subassembly from adjacent subassemblies. Creep 2 will not use as-
received annealed tubing; this tubing has been straightened and sized after
annealing, producing small coldworked areas which cause nonuniform
strain. Creep-1 tubes are wire wrapped. The wrap will be eliminated
in Creep 2, thereby avoiding the possibility of the stress interaction
between tubes that results from crowding of tube against tube during
irradiation. Creep-1 tubes contain solid stainless steel filler rods,
occupying 90% of the tube volume, to reduce the energy release in the
event of a rupture. Unfortunately, if appreciable strain occurs during
testing, the filler rod accentuates the stress reduction on the tube by a
factor of 10. Creep 2 will eliminate or greatly reduce the size of this
filler rod so that more constant stress is attained during the irradiation
tests.

The tubes for Creep 2 will be obtained from PNL. They
will be made of Type 316 stainless steel and will have an outside diameter
of 0.230 in. and a wall thickness of 15 mils. Thg experiment will explore
effects of flux, fluence, stress, cold work, grain size, and heat treatment
on flux-controlled creep at 700°F.

A future in-pile creep experiment will explore the effects
of temperature, using a subassembly that preheats sodium in a gamma-
heating section. The hot primary sodium will flow by the pressurized tubes
in the testing chamber.

10. Operation with Failed Fuel (R. R. Smith)

Last Reported: ANL-7632, pp. 71-76 (Oct 1969).

a. TREAT Simulations of EBR-II Fuel Failures

(i) Flat-topped TREAT Transient with Partially Bonded Mark-IA
EBR-II Fuel Element EBR-MF-2 (R. M. Fryer and
and R. R. Smith)

The second in a series of experiments to investigate the
effects of residual bond sodium on melting in a Mark-IA EBR-II fuel element
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has been performed. A 6%-enriched fuel element (EBR-MF-2) was subjected

to a flat-topped TREAT transient in flowing sodium in the Mark-I sodium
loop. To simulate the loss of bond, the fuel element was loaded with a
deficient quantity of bond sodium, then sealed and impact bonded. This
procedure produced an element with a normal bond along the lowel; S e
a partial bond along the center 4 in., and no bond over the upper 53 in.

The test specimen, enriched to 6 wt % in *°U, was subjected

for approximately 8 sec to a flat-topped TREAT transient, during which the
average power density corresponded to an EBR-II power level of 100 MWt.
The actual power profile is illustrated in Fig. I.D.12. The inlet and outlet
coolant sodium temperatures in the loop during the transient are shown in
1751, 15D Bels
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A neutron radiograph of the test element in the loop showed
that the restrainer-to-fuel separation had increased from 0.5 to 1.0 in.,
thus clearly indicating fuel melting. The fuel specimen has been removed
from the loop and cleaned. Extensive postirradiation examinations will be
conducted. These will include jacket profilometry, gamma scans, total-
fission determinations, and metallographic examinations.

(ii) Postirradiation Examination of Element EBR-MF-1
(D. L. Mitchell, R. V. Strain, and D. M. Cheney)

Element EBR-MF-1, a partially bonded Mark-IA driver-
fuel element, has been irradiated in the TREAT reactor to determine if
fuel melting would occur under conditions that would simulate extreme
overpower conditions in EBR-II for a short time (~10 sec). Before irra-
diation, the lower 4% in. of the fuel pin in the element had been completely

bonded, but the upper 9 in. had been only wetted with sodium throughout
half of the pin circumference.

Postirradiation eddy-current bond testing and neutron
radiography showed that the fuel pin had not slumped during the TREAT
test. Measurements of the diameter of the element did not rev

eal any
straining of the jacket.



The cladding was removed from the fuel pin. The lower half
of the pin was found to be surrounded with sodium, except for two voids, and
the upper half of the element had only 180° (circumferential) of sodium in
the annulus. Measurements of the pin itself revealed no appreciable changes
in diameter or length.

Metallographic examination of samples from the pin
revealed no evidence of fuel melting. The microstructure and the micro-
hardness values indicated that the upper portion of the pin had exceeded
the gamma-phase transition temperature (~650°C) and had been cooled
from that transition temperature at a fairly rapid rate. The samples from
the lower (bonded) section of the fuel pin are typical of unirradiated, as-
bonded fuel pins.

These results indicate that the partial bonding near the
top of the element provided relatively good heat transfer from the fuel pin
during the TREAT test.

Bb. Fuel-motion Transducer (J. R. Karvinen, A. A. Madson,
and J. W. Rizzie)

The first calibration tests of the fuel-motion transducer in the
argon cell of the Fuel Cycle Facility yielded unanticipated results. Only
5 mils of expansion were recorded with the quartz rod. The fuel pin
selected (from Subassembly 2178) then was loaded, and again only a few
mils of movement were recorded. A neutron radiograph showed that the
pushrod for connecting the fuel with the sensing piston of the monitor was
not touching the top of the fuel. The assembly was disassembled, and the
pushrod was found to be binding on the fuel cladding. Accordingly, the
relative motion between the cladding and the supporting jacket was being
recorded. This measurement was obscured because only friction contact
was being provided; therefore, no conclusions relative to motion between
the fuel cladding and the fixture can be made.

After the pushrod has been inserted correctly, a calibration
was made with the quartz rod. This time a separation of 146 mils over
the temperature range from 100 to 1000°F was noted. With the fuel pin
loaded, a negative expansion of 15 mils was recorded. This indicates that
the fuel has a lower coefficient of expansion than the stainless steel jacket,
and expands 131 mils over the same temperature range.

Another effect was an irreversible 15-mil expansion of the fuel
in the final three heat cycles of 100 to 1100°F. In the two previous calibra-
tion tests, the maximum temperature was limited to 908°F. After the third
higher-temperature cycle, the expansion curve returned each time to the
same point as at the end of the third cycle. The fuel was removed from the
fixture and was remeasured by a dial indicator provided in the fixture for
preparing the fuel pins. This measurement indicated 23 mils of growth
from the initial measurement made on the uncycled pin.

15
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11. Physics Mock-up Studies

Not previously reported.

a. Planning for EBR-II Critical-assembly Experiments
(D. Meneghetti)

Planning for EBR-II critical-assembly experiments and scoping
calculations relative to the experimental assemblies areunder way. The
critical assemblies being considered are of both the heterogeneous-core
and of the homogeneous-core types. They are: (1) a homogeneous EBR-II
type core having a depleted-uranium-rich radial reflector; (2) a homogeneous
EBR-II type core having a nickel-rich radial reflector; (3) a heterogeneous
EBR-II type core having a nickel-rich radial reflector; and (4) a two-zoned
heterogeneous EBR-II core, with a nickel radial reflector, in which the
central core region consists of mixed-oxide- and/or carbide-fueled
drawers of dilution representing a large oxide or carbide system, and the
outer core region consists of the current EBR-II driver composition. In
a "heterogeneous" core, as defined here, the representative EBR-II sub-
assemblies are simulated with the drawers of the critical assembly.
"Homogeneous" refers to loading the critical assembly with a smeared
EBR-II core composition.

Studies of the gross characteristics of a nickel-reflected EBR-II
system will be undertaken largely with the heterogeneous-core, nickel-
reflected mockup assembly. The homogeneous cores having depleted-
uranium or nickel reflectors will be used primarily for correlating proton-
recoil spectra with dosimetry foil activities and for studies of axial-reflector
variations. Experiments with the two-zoned assembly will enable the gen-
eration of data necessary for understanding the characteristics of EBR-II
having clusters of very dilute oxide or carbide fuels.

b. Effects of Leakage Absorptions on the Values of Flux-weighted
Cross Sections in Thin-slab-cell Calculations (D. Meneghetti
and K. E. Phillips)

Flux variations within ZPR critical-assembly drawers are
usually obtained by slab-cell calculations. Since such calculations inherently
do not account for the effects of overall leakage into or out of the cell, the
use of a leakage absorption applied throughout the cell is frequently used.

Cell flux-averaged cross sections derived both by use and by
nonuse of leakage absorptions have been calculated for a series of simple
binary-cell situations. The results have been compared with corresponding
averaged cross sections obtained by direct two-dimensional calculations.

The latter use infinitely high layers of disk-shaped binary cells. The leakage

from the systems were radial and thus in directions parallel to the plane of
the binary cells.
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One-group, applied-source calculations were used. The single-
group cross sections for transport and removal corresponded approximately
to those of neutrons above 1.35 MeV. For the examples whose results are
described below, the "fissile" and "diluent" regions were 0.64 and 4.48 cm
thick, respectively.

With the applied source in the fuel, one-dimensional cell calcu-
lations of the flux gave space-averaged removal cross sections of 0.0417 and
0.0407 cm™! with and without leakage absorptions, respectively. The direct
heterogeneous two-dimensional calculation gave a value of 0.0418 cm™!,

To augment further the parallel leakage, the calculations were
repeated with the "diluent" region reduced to one-eighth of its original den-
sity. The removal values from the one-dimensional fine-flux determinations
then were 0.0196 and 0.0183 cm™! with and without the use of leakage absorp-
tions, respectively. The direct two-dimensional calculation gave a value of
0.0197 cm™".

c. Development of the MELT-II Code (R. H. Shum)

The MELT-II code, a FORTRAN-IV version of the method written
for UNIVAC 1108, has been obtained from Battelle Northwest Laboratory and
is being modified for the IBM 360/75 computer. MELT-II is a coupled neu-
tronics and heat-transfer code designed primarily for investigating fast-
reactor core behavior under major accident conditions. However, inter-
comparison* of MELT-II with the FORE-II and NUTIGER codes indicates
that MELT-II can beuseful for investigating a wide variety of mild transients.

MELT-II is capable of calculating temperatures in up to 10 ra-
dial channels (fuel pin at 10 radial locations), each consisting of up to
20 axial segments and 15 radial nodes (12 fuel nodes plus the bond, cladding,
and coolant nodes). Thermal conductivity and specific heat can be specified
as a function of temperature, and all pin materials are allowed to undergo
one phase change. Inlet temperature of the coolant plenum can be specified
as a function of time, and the flow rate within each channel can be time
dependent. Initial steady-state power from fission-product heating can be
specified in addition to the neutronic power.

An implicit scheme is used to obtain fuel-pin temperatures, and
a variable-time-step algorithm is used to govern the neutronics computations.
Feedback due to axial fuel expansion, axial cladding expansion, sodium den-
sity change, fuel collapse, Doppler effect, and sodium voiding can be accom-
modated. Spatial weighting factors can be used for the Doppler and sodium-
feedback effects. Scram conditions can be initiated by apower, period, or
sodium-outlet-temperature trip, and in all cases, the actual scram reactivity
change can be delayed beyond the trip setting by a specified time.

*Fast Flux Test Facility Periodic Technical Report, BNWL-941 (May 1969).
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For accident conditions that do not lead to a prompt critical
situation, a zero-lifetime approximation can be employed to minimize
computer time. A mixed-mode option also has been developed to combine
the calculational advantages of the "exact" point kinetics formulation with
the zero-lifetime approach.

E. EBR-II--Operations

1. Reactor Plant (G. E. Deegan)
Last Reported: ANL-7632, p. 77 (Oct 1969).

The reactor remained shut down for an extended period of main-
tenance and for installation of the instrumented subassembly. Cooldown of
all plant systems was completed on Oct. 21, and the steam system was
drained and placed in dry layup.

The test-1 instrumented subassembly was installed, and its operation
and protective interlocks in fuel handling were functionally checked. Readout
of the subassembly instrumentation also was checked with primary-system
flow and a bulk-sodium temperature of 580°F. Instrumentation leads then
were successfully severed. All tests associated with the subassembly were
satisfactory. Difficulty was experienced, however, in obtaining the full
360° rotation of the small rotating plug of the reactor. By raising the tem-
perature of the primary-tank bulk sodium to 650°F, rotation was accomplished,
and the test-1 instrumented subassembly was transferred to the storage
basket. While the bulk sodium was being cooled to 580°F, test 1 was trans-
ferred to the temporary coffin and the test-2 instrumented subassembly
preheated. Test 2 is being installed in reactor position 5F3.

The loading changes following Run 38B and before the reactor
cooldown included the following:

Structural experiment XO65A was removed from the reactor and
transferred to the Fuel Cycle Facility because of the undesirability of leaving
the experiment immersed in sodium for an extended period of time. Two
stainless steel core-dummy subassemblies and one natural-uranium core-
dummy subassembly were installed in the core to provide increased shut-
down margin during the cooldown. The No. 6 control rod was removed, and
the position it had occupied was left vacant for the instrumented subassembly.

2. Fuel Cycle Facility (M. J. Feldman)

a. Fuel (D. L. Mitchell)
Last Reported: ANL-7632, p. 78 (Oct 1969).

(i) Cold-line Production and Assembly. Table I.E.l1 summa-

rizes the production activities for Oct. 16 through Nov. 15, 1969, and for the
year to date.
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TABLE I.E.1. Production Summary for FCF Cold Line

10/16/69 through Total
11/15/69 This Year
Mark IA Mark II Mark IA Mark II

Alloy-preparation runs

New fuel 0 0 11 8

Remelts £ 0 18 3

Total 3 0 29, 11

Injection-casting runs 3 0 39 10
Pins processed

Accepted 263 0 3,759 941

Rejected 3 0 119 53
Elements welded 621 0 4,333 884
Elements rewelded 0 0 0 692
Elements leaktested

Accepted 672 0 4,206 804

Rejected 6 0 94 21
Elements bondtested

Accepted 776 0 4,023 934

Rejected 76 0 412 9
Subassemblies fabricated (cold-line fuel) 6 0 ar 6
Bonded elements received from vendor 0 24,313P

Inspected and accepted 214 23,621b:¢

Inspected and rejected 1l 1,251b
Unbonded elements received from vendor 13025 9,204d

Impact bonded, inspected, and

accepted by ANL 0 1,979
Impact bonded, inspected, and :
rejected by ANL 0 190

Subassemblies fabricated (vendor fuel) 0 16€

Total elements available for subassembly fabrication as of ll/l 5/69
Cold-line fuel

Mark IA 1,448
Mark I 234
Vendor fuel (Mark IA) 22,608f

2Includes 64 elements in which visual examination of welds indicated that they were not accept-
able for potentially high-burnup experiments.

bTotal includes figures for 1968.

CIncludes fuel elements returned to vendor for rework to correct voids in sodium bond and
after rework sent back to ANL for reinspection.

dTen unbonded vendor elements were set aside for historical samples.

€Includes subassemblies made up of a mixture of vendor and cold-line fuel elements.

fThis figure does not include vendor elements that were impact bonded by ANL.

Six Mark-IA subassemblies containing fuel elements pro-
duced in the cold line were fabricated in the cold line during the month.
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A total of 7025 unbonded fuel elements were received this
month from the Aerojet-General Corporation (AGC) for impact bonding by
ANL; none was impact bonded during the month. Data relating to receipt,
impact bonding, and acceptance of these AGC elements are included in
Table I.E. 1.

(ii) Inspection of Vendor Fuel. The 225 AGC-fabricated ele-
ments received last month have been inspected. Of these, 214 were accepted.
The remaining 11 were vendor rejects. The current number (as of
November 15, 1969) of AGC elements available after verification inspection
is 22,608, not including the AGC elements that have been impact bonded
by ANL. A summary of the data relating to receipt and acceptance of the
fuel produced by AGC is included in Table I.E.l.

b. Surveillance (M. J. Feldman, J. P. Bacca, and E. R. Ebersole)
Last Reported: ANL-7632, pp. 78-92 (Oct 1969).

(i) Postirradiation Analysis of EBR-II Fuel (J. P. Bacca)

(a) Influence of Composition on Irradiation-induced
Swelling of U-5 wt % Fs Driver-fuel Alloy (S. T. Zegler)

An analysis was made of all postirradiation swelling
data obtained to date for batches of U-5 wt % Fs driver fuel which deviated
in composition from that required by Revision 5 of the product specifi-
cations for the Mark-IA fuel (Specification FCF-1, Product Specification
for the EBR-II Driver Fuel Elements). The findings indicate that the
tolerance limits for certain component elements of the alloy, as defined
by Revision 5, can be expanded without causing any significant change in
the amount of irradiation swelling of the alloy. Table I.E.2 lists the elements

TABLE I.E.2. Composition Ranges of Alloying Elements
and Impurity Levels in U-5 wt % Fs Driver-fuel Alloy
as Specified in Revision 5 and Revision 7 (Proposed)

of Specification FCF-12

Element Revision 5 Revision 7 (Proposed)

Alloy Composition Range (wt %)

Molybdenum 2.44 £ 0.17 2.4t 0r .
Ruthenium 1.94 + 0.16 1.954 025
Rhodium 0.28 £ 0.05 0.28 £ 0.05
Palladium 0.19 £ 0.04 0.19 + 0.04
Zirconium 0,10+ 0.03 0.09 = 0.06
Niobium 0.01 £ 0.006 0.015+0101Z
Silicon 0.04 £ 0.012 (00153 2r (0] (o))
Maximum Impurity Levels (ppm)
Aluminum 300 - 400
Carbon 400 600
Nickel 200 250
Total Impurities 2200 2550

2Product Specification for the EBR-II Driver Fuel Elements.



(alloying and impurities) that were studied, their tolerance limits as defined
by Revision 5 of Specification FCF-1, and the specific extent to which the
analysis indicates that the tolerance limit of each may be extended for a
proposed revision (number 7) of Specification FCF-1. Tabulated in

Table I.E.3 for each element studied are the most extreme deviations in
composition from the specifications given in Revision 5 of Specification
FCF-1, and the corresponding measured maximum values of irradiation
swelling and swelling rate.

TABLE I.E3. Summary of Maximum Swelling and Swelling Rate for Largest Deviations from Specification
FCF-1 (Revision 5@ of Component Materials in EBR-1I Driver Fuel

Value
Deviating from ;
Specification sili " Magimum Mo 2

(Wt %) ilicon Maximum Vo|gme Maxquum

—_— e Content of Fuel Batch Subassembly Burnup Swelling of Swelling

Element Min Max Fuel (ppm) 0. No. (at. %) Fuel (AV/V) (%) Rateb
Silicon 0.024 0421 C-2085 1.46 5.86 4.0
0.092 4265 C-2163 1.20 6.56 918
Molybdenum 1.91 213 0301 C-283 1.20 124 10.2
2.76 102 SL-16 C-186 1.20 14.7 12.3
Ruthenium 1.73 307 CL-045 C-2130 1.10 5.3 438
2.61 260 4012 B-342 1.14 43 38
272 785 R-410 C-2077 0.79 il 4.1
Rhodium 0.18 170 0408 C-2049 0.88 7.14 81
0.20 630 0703¢ C-2175 117 1.8 6.7
0.39 350 0450 C-2112 119 6.38 5.4
Palladium 0.12 9% 0422 C-2101 1.45 15.8 10.9
Zirconium 0.028 568 4225 C-2103 116 7.08 6.1
0.25 300 CL-025 C-2148 147 6.02 4.1

Niobium 0.002 362 0702¢ C-2184 1.63 16.7 10.25
0.021 100 0437 C-2093 1.39 16.7 12.0
0.097 224 4247 C-2135 0.97 4.7 438
Carbon 0.067 un 4264 C-2163 1:19 6.28 53
0.078 881 4261 C-2156 . 0.86 51 5.9
Aluminum 0.059 330 0454 c-2112 1.18 5.54 4.7

3product Specification for the EBR-1I Driver Fuel Elements.
ximum swelling rate = (AV/V) (I/burnup).
C70%-enriched driver fuel.

c. Experimental Support (J. P. Bacca and N. R. Grant)

Last Reported: ANL-7632, pp. 93-94 (Oct 1969).

(i) Comparison of Measured and Calculated Diameter Changes
for Capsules C-1 and C-17 from Experimental Irradiation
Subassembly X012 (R. V. Strain)

Calculations of the changes in diameter resulting from
irradiation-induced swelling of stainless steel were made with two capsules

(numbers C-1 and C-17) from Subassembly XO12, using the following equation:

<1~549x 10 5.988 % 10">
AV(%) = 10'48.310(¢t)l.7110 1 T2

’
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where

AV(%) = percent volume change of the stainless steel;
(¢t) = neutron fluence having energy greater than 0.1 MeV;

T = temperature in degrees Kelvin.

The diameter change in the capsules due to the swelling
of the stainless steel was assumed to be one-third of the volume swelling
of the stainless steel, since this swelling is considered to be isotropic.

The temperatures used in the calculations were average
values of the temperatures of the outside- and inside-diameter surfaces
of the capsules, as calculated using the HECTIC code. The fluences used
were calculated and were based on the axial-flux profiles given in the
Laboratory's "Guide for Irradiation Experiments in EBR-II."

Figures I.E.]l and I.E.2 show the rather good agreement
that resulted when the calculated capsule diameters were compared with
the measured capsule diameters. The diameters of the capsules were
measured with a remotely operated Bausch & Lomb Model DR-25B opti-
cal gauge. The measurements are considered to be accurate to £0.0001 in.

Stainless steel swelling was calculated for only the fueled
portion of the capsules that had been irradiated in the core region of the
reactor; no flux values were available for the axial blanket regions. Because
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Fig. LE.1. Diameter Profile of Capsule C-1 Subassembly X012
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Fig. LE.2. Diameter Profile of Capsule C-17 from Subassembly X012

of inherent errors in the values used in the calculations as well as pertur-
bations in the neutron flux around experimental subassemblies in the EBR-II
core, there is some uncertainty in the calculated fluence values for the core
region. The differences between the calculated and measured diameter
changes are probably within the range of error in the fluence values used

in these calculations.

(ii) The Effect of Irradiation in EBR-II on Type 304 Stain-
less Steel: An Interim Report on Experimental Subassembly
XA08 (C. L. Meyers,R. V. Strain, E. R. Ebersole, and
F. D. McGinnis)

Experimental Subassembly XA08 was irradiated in EBR-II
for a total exposure of about 19,000 MWd (calculated total fluence of approxi-
mately 8 x 10% n/cmz). The subassembly contained eight capsules loaded
with Group C-2 carbide fuel and eleven capsules loaded with structural-
metals samples. The subassembly was surrounded by driver-fuel sub-
assemblies during more than 95% of its exposure time in the core, and was
removed from the core on June 29, 1969.

Visual examination of the subassembly in the Fuel Cycle
Facility indicated that significant expansion (lateral bulging) of the Type
304 stainless steel hexagonal tubing had occurred as a result of its irradia-
tion service. Flat-to-flat measurements of the tubing in all three radial
orientations indicated a maximum increase of 0.056 in. (2.5%) over the
preirradiation nominal dimensions of the tubing. Precision density meas-
urements (using CCly) of samples taken from along the length of several
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flats of the hexagonal tube indicated a maximum decrease of approxi-
mately 2.7% in the density of the stainless steel. Precision measurements
of the wall thickness of the tubing material are being made. Further
analysis of the density data is under way.

d. Reactor Support
Last Reported: ANL-7618, pp. 77-78 (Sept 1969).
(i) Air-cell Entry (D. M. Paige)

No personnel have entered the air cell of the Fuel Cycle
Facility since it began closed operation in 1965. All equipment in the
cell has been maintained by remote means. It has not been possible, how-
ever, to perform remote maintenance on several items, primarily because
of the location of these items within the cell. Among these items are the
electrical busbars that supply the power to the cranes, electromechanical
manipulators, and bridges and bridge wheels for the cranes and manipu-
lators. Although no major problems have been encountered with these
items, it was decided that the time during which the reactor was shut down
for installation of the instrumented subassembly should be utilized to
examine and perform maintenance on them.

Before starting remote cleanup of the cell interior, all
fuel, irradiated structural material, and process equipment (except the
vertical assembly-dismantler and the final-assembly machine) were
removed from the cell. (The final-assembly machine was subsequently
removed from the cell after the doors were opened; the assembly-
dismantler will remain in the cell.) The cleanup campaign is completed.
Remote cleaning of the cell was accomplished with use of the in-cell
manipulators and appropriate tools for sweeping, dry mopping, and vacu-
uming. After an initial entry to the cell was made to determine approxi-
mate working time required, direct cleaning operations were performed
by washing with a solution of soap and water and rinsing with clear water.

The reduction in radioactivity levels in the cell during the various cleaning
operations is shown in Table I.E.4.

TABLE |.E4. Radiation Levels in the Air Cell of the Fuel Cycle
Facility during Cleaning Operations

Radiation Level (R/hr)

i a East

Date of i Nber West  East  End,

Survey 1 2 3 4 5 6 7 8 9 Pits Pits Center Door
10/15/690 ) 8.0 3.0 11 oT 6.7 29 26 21 70 16 15 36
10/17/69¢ 23 30 2.0 04 12 28 il 41 13 35 55 13 16
10/20/69 037 0.47 0.50 025 0.76 0.90 0.44 0.39 031 10 0.37 0.30 0.29
10/24/69 0.20 0.22 0.15 0.15 0.18 0.21 0.25 To2r 0.19 0.20 0.25 0.19 0.18
10/31/69¢ 0.06 0.06 0.08 0.05 0.58 0.55 0.32 0.22 0.25 037 0.28 0.30 0.10
(4 to 8 in.
from floor)

ﬂR_adia(ion readings were made 4 ft above floor, at window locations, except as noted in survey of 10/31/69.
bFirst survey; seven fuel elements still in cell.

CHalfway through remote cleanup; one fuel element still in cell.
dcompletion of remote cleanup operations.
€Completion of direct cleanup operations.
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No difficulties were encountered in decontaminating the
cell surfaces to the levels of radioactivity indicated in the table. Because
of the pyrometallurgical fuel-recovery process employed at EBR-II,
these surfaces were easy to clean so that they were free of contamination.
Since the contamination arising from the pyrometallurgical process is in
the form of dry particulate which settles out on a surface, it does not
become readily fixed and is readily susceptible to cleaning by the
techniques used.

Equipment maintenance is in progress. Work on the crane
and manipulator bridges and their respective busbars is almost complete.
In general, the condition of this equipment was much better than expected.
Maintenance and repair of the electromechanical manipulator carriages
have been started. Concurrently with the maintenance work being done,
electrical, instrument, and pneumatic services are being installed for
new in-cell examination equipment.
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II. OTHER FAST REACTORS--OTHER FAST BREEDER
REACTORS--FUEL DEVELOPMENT

A. Irradiation Effects, Mechanical Properties and Fabrication

1. Mechanical Properties of Type 316 Austenitic Stainless Steel
(J. E. Tesk, S. D. Harkness, and R. Carlander)

Not previously reported.

Capsule AO3-D1, containing two concentric tubes of Type 316 aus-
tenitic stainless steel in an inert atmosphere of 90% argon and 10% helium,
has been assembled and is planned for insertion into EBR-II as part of the
Group O-3 experimental Subassembly XO72. The outer tube is from the
same lot of tubing that was used to encapsulate the Group O-3 experimental
fuel pins. The tube will serve as a standard for tube burst or tube rupture
experiments that will be performed on the Group O-3 fuel pins after irra-
diation to ~10% burnup. This tube will receive nearly the identical neutron
exposure as the fuel cladding at temperatures close to the fuel cladding
temperatures. One important difference between the irradiation history
of the fuel-pin cladding and the tube standard will be the lack of possible
cesium penetration in the standard.

The inner tube serves as a susceptor to raise the temperature of
the outer tube to the desired values. It is expected that information on free
swelling at high temperatures (~500-650°C) will be available from the inner
tube. Temperature and flux profiles are expected to be nearly symmetric
with respect to the reactor midplane. Half of the inner tube has been cold
worked to ~20% to investigate the effects of cold work on free swelling by
comparison with swelling of the annealed half of the inner tube. Tempera-
ture and flux monitors have been installed inside the inner tube.
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III. GENERAL REACTOR TECHNOLOGY

A. Applied and Reactor Physics Development

1. Theoretical Reactor Physics--Research and Development

a. Theoretical Reactor Physics

(i) Reactor Computation and Code Development (B. J. Toppel)

Last Reported: ANL-7577, p. 130 (April-May 1969).

(a) Spatial Flux Synthesis. A series of calculations have
been run to test the performance of the SYNID code in a variety of situations.

In one set of test cases a cylindrical reactor, bare in
the radial direction and with four material regions in the z-direction, was
used. Moreover, cell boundary conditions were imposed in the r-direction.
The flux is then separable and flat in the r-variable. The trial functions
used were functions of r and were synthesized in the z-direction. Six en-
ergy groups were used. The physical situation selected is very simple,
enough to allow clear-cut qualitative prediction of what the code should do,
but permitting nevertheless to test the working of a variety of synthesis
options.

The results were compared with the results obtained
by codes using finite-difference techniques (DIFF2D). As can be appre-
ciated from Table III.A.1, which summarizes the results, the synthesis
variables (i.e., number of synthesis regions), location of synthesis region
boundaries, and number and type of trial functions as a function of region
and group were varied widely. The ability of the code to handle a variety
of boundary conditions at the top and bottom of the reactor was also tested.
The agreement in keff values was in general excellent. The fluxes in the
r direction were flat to the sixth significant figure in all cases tested and
agreed quite well with the comparison fluxes in the z-direction. The trial
functions used were such that in all cases the exact solution could be re-
produced. The trial functions have been named Hf, and H E with g for
energy group, k for synthesis region and n for trial funct10n number;
bg(zk), ¢g(zL), ¢>g(zk) or (bg(zL) are fluxes and adjoints from a finite dif-
ference calculation at the mesh points k or L; Ak is the difference in k
between synthesis and the finite-difference calculation.

Another set of calculations was run to test the ability
of the code to handle different types of boundary conditions in the trans-
versal coordinate direction, i.e., that coordinate over which the trial func-
tions are defined. These tests used a square bare reactor with one set of



TABLE Ill.A.1. Summary of a Comparison of Synthesis (SYNID) and Finite-difference (DIFF2D) Calculations
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fixed boundary conditions at the extremes of the x-coordinate (@' = 0at
the left, and ¢ = 0 on the right). Three different reference cases were
run for this geometry using DIFF2D which differ only in the boundary con-
ditions imposed at the y-coordinate extremes. The values of kegf obtained
for the three reference runs are the following:

k 0

0.58643 (bg

1.21046 (b'g =0T L2 il at both y-coordinate

boundaries

k = 0.68424 ng)'g + aqbg = 1y
The synthesis calculations used as trial functions y-dependent flux profiles
from these reference runs. Trial function number one comes from the ref-
erence case with ¢_ = 0 conditions in the y-direction, number two from the
case with ¢! = 0 conditions, and number three from the remaining case
with Dg(b‘g + ang = 0 conditions.

By means of input parameters* the user decides which
boundary conditions should be implicitly imposed by the variational func-
tional in the y-direction. The code then should proceed to select or com-
bine the trial functions accordingly.

Table III.A.2 summarizes the results of the tests up
to now. Five synthesis calculations were performed in each basic case
considered: with the exact trial function for the case (Runs 1, 6, 11); with
the exact trial function and one of the others (Runs 2, 4, 8, 9, 12, 13); with
two functions, excluding the exact one (Runs 3, 7, 14); with three trial
functions (Runs 5, 10, 15).

TABLE IIl.LA.2. Boundary Condition Test

Boundary Trial Trial Trial
No. Conditions Function 1 Function 2 Function 3 k Ak Ry Ry Observations
1 g'=0 No Yes No 1.210463 ~108 - -
2 g'=0 Yes Yes No 1.210463 ~108 ~104 -
<) =) Yes No Yes 1192213 1.8 x 102 = = Two inexact
trial functions
4 g'=0 No Yes Yes 1.210463 ~108 ~1014 -
5 g'=0 Yes Yes Yes 1.210463 ~108 ~1010 ~1010
6 Dp'+ap=0 No No Yes 0.683971 ~2.7x 1074 - -
7 Dg' +ap =0 Yes Yes No 0.683633 6.1x 1074 = = Two inexact
trial functions
8 Dg' +ap =0 Yes No Yes 0.683972 2.7x 104 ~2x 102 =
b Dg' +ap =0 No Yes Yes 0.683973 27x 107 ~1x 108 =
10 Dg' +ag =0 Yes Yes Yes 0.683973 27x 107 ~1x 102 1x 10?2
1 s=i0 Yes No No 0.586208 22 x 1074 & =
12 gi=10 Yes Yes No gross errors = = -
13 g=0 Yes No Yes gross errors = 2 =
U] 9=0 No Yes Yes gross errors = = =
15 00 Yes Yes Yes 0586128 31x20%  ~1x12 ~1x 10!

*Luco, V., Boundary Conditions in Variational Flux Synthesis, ANL-7510 (1969).




Two synthesis regions were defined, but the same set
was used in both. When using the exact trial function alone the result
should be exact in k and in the fluxes. This is not so for boundary condi-
tions other than ¢' = 0, due to discrepancies in the numerical treatment
between DIFF2D and SYNID.

In those cases when the exact trial function is among
the set used, the code should reject the others. The parameters R, and R,
in the table are a measure of this rejection. They are defined as typical

values of the ratio of mixing function for exact solution over mixing func-
tion for the nonexact functions.

The cases for ¢, = 0 with two trial functions gave
grossly mistaken results, and the amount of rejection in Case 15 with

three trial functions is perhaps too low. These difficulties are presently
under study.

Runs 3 and 7 are interesting. Here the code was able
to combine two clearly inappropriate functions in such a way as to give
small errors in k and fairly acceptable fluxes.

2. Nuclear Data--Research and Development

a. Determination of Nuclear Constants

(i) Fast-neutron Cross Sections and Other Nuclear Constants
(A. B. Smith)

Last Reported: ANL-7581, pp.*87-88 (June 1969).

(a) Fast-neutron Total and Scattering Cross Sections of
Bismuth.* Total neutron cross sections of bismuth have been measured
with resolutions of X1 keV over the energy range from 0.2 to 1.4 MeV.
Differential elastic-scattering cross sections were also determined at
intervals of <50 keV from 0.3 to 1.5 MeV with resolutions of ~20 keV (see
Fig. III.A.1). The inelastic neutron excitation of a state at 896 + 1 keV was

0
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- '
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B- s —— BNL-325 Of
2 | Vo ——— ANL-5567, Oy (SCAT)
el —-— KFK-1000, Oy
T ST e B e A N1 Pl VA T A S A LA T
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Fig. IILLA.1. The Total Neutron and Differential Elastic~-
scattering Cross Sections of Bismuth

*This work was in cooperation with the staff of the Pelindaba Laboratory South African Atomic Energy
Board, Transvaal, Republic of South Africa,
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observed and the respective differential excitation cross sections deter-
mined with incident resolutions of £10 keV. Partially resolved resonance
structure was evident in all the measured values. The experimental re-
sults were assayed for possible intermediate structure, and were com-
pared with the results of optical model and statistical calculations. The
model calculations were cognizant of the fluctuation and correlation of
compound-nucleus resonance widths and of the shell closure at N = 126.

(b) Investigation of Low-excitation States in ">As by the
75As(n,n'}/) Reactions. The energies and relative intensities of gamma
rays produced by the inelastic scattering of monoenergetic neutrons from
an arsenic sample were measured at several incident-neutron energies
below 1500 keV with a 7.2-cm?® Ge(Li) detector placed at 90° to the incident
neutron beam. Background measurements were also made at each neutron
energy using a carbon scatterer in place of the arsenic sample. Shielding
and fast-coincidence circuitry were employed to reduce background prob-
lems. The gated pulse-height spectra were recorded in a 512-channel
analyzer. Protons from a pulsed Van de Graaff accelerator were bunched
by a Mobley magnet and focused on a target of lithium evaporated onto a
tantalum backing to produce nanosecond bursts of neutrons via the
"Li(p,n)"Be reaction. A level scheme for >As has been deduced from the
observed transitions, and has been compared with results from Coulomb-
excitftion measurements of "°As* and studies of the decay of "°Se** and
Ge.

This work represents the initial results of a compre-
hensive study of (n,n'7y) processes.

(c) Fast Neutrons Incident on Holmium. Total neutron,
elastic- and inelastic-scattering cross sections of natural holmium were
studied (see Fig. III.A.2). The total neutron cross sections were measured
from 0.1 to 1.5 MeV with resolutions of <5 keV and precisions of ~1%. Dif-
ferential elastic- and inelastic-scattering cross sections were determined
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Fig. IIILA.2. Total Neutron Cross Section and Total Scattering Cross
Section for Holmium Compared with the Total Cross
Section Determined by Time-of-flight Measurement

* Robinson, R. L., et al., Nucl. Phys. A104, 401 (1967).

**Raeside, D. E., et al., Nucl. Phys. A130, 677 (1969).

i Ng, Anne, et al., Phys, Rev. @, 1329 (1968).
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for incident neutron energies of 0.3 to 1.5 MeV. The inelastic neutron ex-
citation of 14 states in holmium was observed and the respective cross
sections measured. The experimental results have been considered in the
context of: the optical model, direct reaction processes, statistical con-
cepts, particularly with respect to fluctuations and correlations in compound-
nucleus resonance structure, and in terms of the unified nuclear model.*

This study is particularly of interest in the context of
scattering from heavy deformed nuclei. The fissile, fertile, and heavy

fission-product nuclei have such characteristic deformation.

b. Reactor Code Center (M. Butler)

Last Reported: ANL-7632, pp. 102-103 (Oct 1969).

Three code-conversion routines were prepared to permit the
Center to process tapes containing program contributions received from
General Electric Advanced Products Operation and Knolls Atomic Power
Laboratory. These routines translate into BCD (binary-coded-decimal)
from GE IMCV code, CDC display code, or the UNIVAC field-data char-
acter set.

In addition, five programs were incorporated into the library.
Two of these were revisions replacing the existing FLANGE-1 and GASKET
programs (ACC Nos. 247 and 263, respectively). Gulf General Atomic sup-
plied these UNIVAC 1108 versions, which are programmed in FORTRAN V.
The documentation for the new FLANGE-1, which, like its predecessor,
computes neutron-scattering kernels for a large class of moderators from
the scattering law determined by GASKET, is not yet available. The new
version of GASKET includes the option selecting the diffusive or Brownian
motion mode rather than the free-gas mode.

The three new programs assimilated include the KAPL
DATATRAN System designed for the CDC-6600 (ACC No. 386), the ORNL
CITATION program written for the IBM-360 (ACC No. 387), and the Japan
Atomic Energy Research Institute EPSILON code for the IBM-7090
(ENEA No. E171).

DATATRAN is a data-handling language developed for the KAPL
modular system of large related reactor computer programs. It is written
in the FORTRAN and COMPASS languages, and the current distribution is
by means of a CDC EDITSYM file with a small BCD modification package.
In this form it is restricted to use on a 6600 system.

CITATION is a nuclear reactor core analysis code for one to
three spatial dimensions. It is designed for use on either an IBM 360/91

* Mottelson, B., and Nilsson, S., Kgl. Danske Vidensk. Selsk. Mat. -fys. Skr. 1, No. 8 (1959).
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or an IBM 360/75 with bulk core storage. A minimum of 300,000 directly
addressable words of memory is required for program execution.

The Japanese code EPSILON was written in FORTRAN 2 to
compute fast-fission effects in multiregion lattices of cylindrical rods and
slabs by the collision probability method. A maximum of 100 energy groups
is permitted.

B. Reactor Fuels and Materials Development

1. Fuels and Claddings--Research and Development

a. Behavior of Reactor Materials

(i) Experimental Studies of Swelling Mechanisms and Gas
Release in Fuel Materials

(a) Interactions between Gas Bubbles and Moving Grain
Boundaries (S. R. Pati)

Last Reported: ANL-7606, p. 92 (Aug 1969).

Interaction between grain boundaries and gas bubbles
plays an important role in the nucleation, coalescence, and subsequent
migration behavior of gas bubbles and voids in fuel materials. In metallic
and carbide fuels, in particular, it is expected that the interaction between
moving grain boundaries and inert-gas bubbles has a strong influence on
the rate of fission-gas release because of the relatively small thermal
gradient in these fuels during irradiation. Work on the interaction between
moving grain boundaries and helium bubbles in single crystals of copper
has shown that the interaction is strong enough to cause sweeping of the
gas bubbles by the moving grain boundaries. Sweeping measurements have

been completed at two annealing tempera-
S —— tures, 950 and 990°C. Details of the experi-
mental technique have been described in
ANL-7606. Figure III.B.1 shows the effect
of annealing time on the width of the bubble-
free region behind the moving grain boundary
at each annealing temperature. The points in
Fig. III.B.1 have been connected by solid lines
with a slope of 1/2, which suggests that the
bubble-free band width x increases with
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Fig. IIL.B.1 x™ = At,
Variation in the Bubble-free Band Width
as a Function of Annealing Time at the where A is a constant. It is evident from the

Annealing Temperatures experimental points that appreciable deviation



from the assumed parabolic time dependence occurs, especially at longer
annealing times. This discrepancy could arise from the coarsening of
helium bubbles on the grain boundaries.

A parabolic dependence of swept band width with an-
nealing time has been observed in the dragging of oxide inclusions through
a metal matrix;* the same kinetics might be expected for inert-gas-bubble
dragging. Additional experimental data are necessary to establish the time
dependence more precisely. The kinetics of bubble dragging are being
studied at other annealing temperatures in order to determine the activa-
tion energy associated with the dragging process and to establish the
dragging mechanism.

(b) Thermal-gradient Migration of Bubbles and Pores
(D. R. O'Boyle)

(1) Surface Diffusion in Uranium Dioxide
(P. W. Maiya)

Not previously reported.

Surface-diffusion studies have been initiated on
single crystals of UO, grown by a floating zone technique.** Three speci-
mens (~7 by 7 by 7 mm) were prepared from a large crystal, with two
parallel surfaces oriented parallel to the (100), (110), and (111) planes.
The surfaces, determined by X-ray back-reflection techniques, were
within +1° from the specified orientations, and the X-ray diffraction spots
indicated a high degree of crystal perfection. ’{'he analysis of a specimen
indicated that the concentrations of hydrogen, carbon, nitrogen, and oxygen
were 19, 12, 11 ppm, and 11.97 wt %, respectively.

A series of sinusoidal profiles of periodicity rang-
ing from 5 to 40 y were produced on the polished crystal surfaces by a
photoetching technique.t Briefly, the method consists of forming an image
of a diffraction-grating replica on a crystal surface coated with a thin layer
of photoresist-emulsion, followed by selective etching. Satisfactory etching
of sinusoidal profiles on UO, was accomplished by using a solution described
by Manley.”H' The rate of dissolution of UO, was approximately 2 p/min
while the crystal was stationary in the solution. Etching times were typi-
cally on the order of 15-45 sec.

It should be noted that the initial as-etched profile
need not be purely sinusoidal, since the profile assumes the sinusoidal shape

*Ashby, M. F., and Centamore, R. M. A., The Dragging of Small Oxide Particles by Migrating Grain
Boundaries in Copper, Acta Met. 16, 1081 (1968).
**#Obtained from G. W. Clark and J. C. Wilson, Oak Ridge National Laboratory.
+Maiya, P. S., and Blakely, J. M., Appl. Phys. Letters 7, 60 (1965)
+ Manley, A. 1., J. Nucl. Mater. 15, 143 (1965).
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at elevated temperatures due to the rapid decay of harmonics above the
fundamental. A typical sinusoidal profile produced on the (100) plane of
UO, is shown in Fig. III.B.2. The amplitude of the
sinusoidal profile decreased exponentially with
time during the isothermal annealing treatment, in
accordance with the theory of surface smoothing
developed by Mullins.* The surface-diffusion co-
efficient is determined from the relaxation times
associated with the decay of the sinusoidal profiles.
The effect of profile spacing on the relaxation proc-
ess is being investigated on the low-index planes of
UO, in order to obtain quantitative information on
the anisotropy of surface diffusivity and surface

free energy in the temperature range from 1600 to
2100%C:

(c) Development of Temperature-gradient
Vacuum Furnace (R. O. Meyer)

Not previously reported.

Fig. IIL.B.2

Sinusoidal Surface Profile on
the (100) Plane of UOg, 7.86-H
Wavelength. Specimen was

A program has been initiated to obtain
measurements out of pile in order to determine

annealed at 1660°C for 16 hr migration of gas bubbles in steep temperature

in a helium atmosphere gradients. These measurements require special
(one fringe corresponds to a high-temperature equipment that is not commer-
change in height of 0.27 W). cially available; in particular, the success of this

thermomigration program depends upon designing
a good temperature-gradient vacuum furnace. An apparatus capable of
producing very steep temperature gradients will be described.

An initial survey of a number of thermal-gradient
furnaces described in the literature and inspection of two designs revealed
several problem areas. First, the ability to achieve temperature rapidly
is desirable because gas bubbles move very rapidly (up to several thou-
sand angstroms per second in gradients of 1000°C/cm) and, therefore,
short anneals may be required. Resistance heating does not appear to
give adequate heating rates. Errors as large as 25% were reported by
Weaver** because he was unable to heat specimens to temperature rapidly.
Second, molybdenum from furnace parts has caused the downfall of several
diffusion experiments in UNT and Ni,I and both of these materials are likely
to find their way into our apparatus. Finally, sufficient total power must be

*Mullins, W. W., "Solid Surface Morphologies Governed by Capillarity," Metal Surfaces: Structure, Ener-

getics, and Kinetics, American Society for Metals (1963).
** Weaver, S. C., ORNL-TM-2016 (1967).

TReimann, D. K., Oak Ridge National Laboratory, private communication,
t Mock, Willis, Jr., Thesis, University of Illinois (1968).




available. It was possible to estimate that Weaver's and Mock's heat losses
were between 400 and 800 W in excess of heat flow through their specimens.

For 3/8-in.-dia UO, in a gradient of 1000°C/cm, this heat flow is only ~20 W.

For a good conductor, such as copper, it is about 2.5 kW.

With these considerations in mind, power from an rf
induction generator was chosen. Induction heating has the advantage of
generating heat in the part desired (the tungsten heat conductor discussed
later) without the necessity of heat transfer from a resistance-heated ele-
ment. By virtue of this property, the heating process is very rapid. A
5-kW unit was selected as the smallest size practical. Molybdenum was
not used for any furnace parts in order to avoid sample contamination.
Several design considerations were found to be critical. Close rf coupling
to the tungsten heat conductor was necessary. A loosely wound, 4-turn
coil was completely inadequate, but our tightly wound, 10-turn coil with a
1/8-in. gap works quite well. Also, the Al,O; insulating cylinder between
the coil and the tungsten heat conductor not only keeps the copper coil
clean, but also reduces total heat loss by more than a factor of two by
reducing heat transfer to the water-cooled copper coil.

During initial tests of the apparatus, the highest gra-
dient achieved was 1600°C/cm in Type 304 stainless steel. Stainless steel
(thermal conductivity k = 0.24 W/cm-°C) requires greater heat flow for a
given gradient than does UO, (k = 0.030 W/cm-°C) and, therefore, provides
a better test than an insulator would. This gradient was measured with two
Pt-Rh alloy thermocouples threaded through small holes in the stainless
steel. The hottest end of this stainless steel specimen was about 1285°C,
and the rf generator power setting was 50%.

High-temperature operation has been tested using
Al,0; samples (k = 0.086 W/cm-°C). The maximum furnace temperature
(temperature in tungsten heat conductor) achieved to date has been approxi-
mately 1800°C with a power setting of 70%. Higher temperatures were not
attempted due to thermocouple failure around 1800°C.

The tests achieving a furnace temperature of 1800°C
and a gradient of 1600°C/cm do not demonstrate the maximum capability
of the apparatus. They do demonstrate the ability to perform the experi-
ments that are planned.

With the Al,0; samples, heat flow by conduction through
the Al,0; was always small (<100 W). Neglecting this flow, heat loss in the
furnace was primarily due to radiation from the tungsten heat conductor.
This heat loss is a fundamental property of the furnace and can be measured
from cooling curves (temperature versus time). The rate of heat loss can
be written as

aQ _ d 4T
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where dT/dt is obtained from the cooling curve, and for 1 g of material

50 o
dTr = 7’

where c is the specific heat. Thus, the rate of heat loss from the tungsten
heat conductor of mass m is

600

a3 Figure III.B.3 shows the averaged re-

sult of such calculations for seven

cooling curves starting at various

= temperatures between 1000 and 1750°C.

The power required to operate the fur-

) nace at a given temperature and pro-

ducing a given gradient in a sample

will be given by the sum of a number

| e i from this graph and the heat flux

600 800 1000 1200 1400 1600 1800 2000  through the sample. Heat losses (see
S L Fig. III.B.3) are about as expected,

i.e., 400-800 W at high temperatures.
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Fig. IIL.B.3. Furnace Heat Loss (excluding conduc-
tion through sample) vs Temperature
of Tungsten Heat Conductor It is planned to begin studies

on the migration of sinter pores in

UQO; in the near future and to follow with studies of the migration of

cyclotron-injected helium gas bubbles in UO,.

(d) Solid-fission-product Swelling (A. E. Dwight and
D. R. O'Boyle)

Last Reported: ANL-7606, pp. 94-95 (Aug 1969).

Previous work (see Progress Report for April-
May 1969, ANL-7577, pp. 143-144) has shown that the crystal structure
of the white metallic inclusions formed in mixed-oxide fuel irradiated in
a fast-neutron flux is hexagonal, based upon the Mo-Rh epsilon phase.
Subsequent work indicated complete solid solubility between the e phase
and ruthenium as well as the extent of the € phase in the Mo-Ru-Rh ter-
nary system at 20 and 40 at. % ruthenium. Data were obtained by X-ray
diffraction of arc-melted alloys annealed at 1140°C.

X-ray diffraction studies of additional alloys have
resulted in an isothermal section (ll40f’C) through the Mo-Ru-Rh system
(see Fig. II1.B.4). The circles represent the compositions of the alloys
examined. The single phase € field and the two-phase Mo + ¢ field
occupy the largest part of the diagram. The extensive composition range
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of the € phase and the work of
Darby et al.* indicate that the €
phase should exhibit solubility for
small amounts of technetium and
palladium, as has been observed.

The amount of fission-product
molybdenum that is available as an
alloying element to form inclusions
in mixed-oxide fuel varies with the
stoichiometry of the fuel. In a hypo-
stoichiometric oxide system, none
of the molybdenum is expected to be
oxidized to MoO, and the molybdenum

Fig. IILB.4. Mo-Ru-Rh Iotherm at 1140°C content of the inclusions will be about

45 wt % based on the fission yield of
Mo, Tc, Ru, Rh, and Pd. However, in a hyperstoichiometric fuel system,
the excess oxygen is expected to oxidize all of the molybdenum to MoO, so
that none is available to alloy with the Tc, Ru, Rh, and Pd. Rand and
Markin** have estimated that the critical stoichiometries for the initial
and total oxidation of molybdenum to MoO, are 1.957 and 1.985, respec-
tively. Referring to Fig. III.B.4, these two conditions correspond to the
average composition of the metallic fission-product phase that lies near
the € side of the Mo + € two-phase field, and to the composition of the
fission-product phase that lies along the Ru-Rh side of the ternary system
near 10 wt % rhodium. Thus, over almost the entire range of fuel stoichi-
ometries in mixed-oxide fuel, the second long-period fission-product ele-
ments will form a close-packed hexagonal phase (€ in Fig. III.B.4). The
second phase that may also form is bcc molybdenum with a small amount
of ruthenium and rhodium in solid solution.

(ii) Metallic Fuel
(a) Phase Studies (D. R. O'Boyle)
Not previously reported.

To establish the phases in equilibrium in the uranium
corner of the uranium-plutonium-zirconium system, a series of high-purity
binary uranium-plutonium and ternary uranium-plutonium-zirconium alloys
that have a plutonium-to-uranium ratio of 1:4 were prepared by arc melting
the pure elements. Following homogenization at approximately 1000°C in

*Darby, J. B., Lam, D. J., Norton, L. J., and Downey, J. W., Intermediate Phases in Binary Systems of
Technetium-99 with Several Transition Elements, J. Less-Common Metals 4, 558-563 (1962).
**Rand, M. H., and Markin, T. L., Some Thermodynamic Aspects of (U,Pu)O, Solid Solutions and Their
Use as Nuclear Fuels, Proc. Vienna Symp., Thermodynamics of Nuclear Materials (1967).
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the gamma single-phase region, 27 specimens of five different ternary
alloys were isothermally annealed in evacuated quartz tubes at tempera-
tures between 590 and 700°C for a sufficient length of time (up to 170 days)
to allow the phases to grow to a size that could be accurately analyzed with
the microprobe. Each specimen was examined metallographically, and the
compositions of the phases in equilibrium were determined by means of
point counts and mechanical scans. All measured intensity ratios were
corrected for absorption, fluorescence, and atomic-number effects by
using a modified version of the Magic II computer program of Gray.*

The alloys annealed at the highest temperature (700°C)
were found to contain only the bcc gamma phase. Dilatometric measure-
ments have established that the gamma phase is stable over a wide range
of temperatures up to approximately 1100°C. Figure III.B.5 shows that the
gamma solvus temperature decreases
rapidly near the U-Zr and U-Pu bi-
nary sides of the system, sweeps
rapidly over the central part of the
system, and then pulls back to the
plutonium corner. The open circles
represent the compositions of the
gamma phase, as determined by
microprobe analysis.

Alloys annealed in the tem-
perature range from 590 to 670°C
were generally two-phase and con-
sisted of zeta-uranium-plutonium

0 20 30 40 50 60 70 80 90 Y and gamma. The extent of the zeta
: . : and gamma single-phase regions is
Fig. IIL.B.5. Uranium-Plutonium-Zirconium . .
) . shown in the isopleth through the
Gamma-phase Solid Solution De- 3
Fcipostrton: Teustie ternary system (see Fig. III.B.6).

An impurity phase commonly observed in commercial-
purity uranium-plutonium-zirconium alloys was previously identified as
oxygen-stabilized alpha zirconium that contains some uranium and pluto-
nium in solid solution. The solid solubility of uranium and plutonium in
the alpha-zirconium phase was measured in alloys annealed at tempera-
tures between 350 and 1100°C (see Fig. III.B.7). The maximum solid
solubility over this temperature range is 3.8 wt % for uranium and
2.4 wt % for plutonium.

*Gray, L. J., X-ray Mass Absorption Coefficients and Quantitative Microanalysis of Metallurgical Systems,
Including Refractory Metal-Interstitial Compounds, Ph.D. Thesis, University of Illinois (1969).
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in equilibrium studied in alloys
with <60 at, % zirconium.

b. Chemistry of Irradiated Fuels (C. E. Crouthamel)

(i) Postirradiation Studies of Reactor Fuels and Cladding

Last Reported: ANL-7606, pp. 96-97 (Aug 1969).

Electron microprobe studies of two vibratorily compacted
uranium-plutonium carbide fuel pins (UC-20 wt % PuC) are continuing. One
of the fuel pins (SMV-1) was clad with Type 316 stainless steel and had been
irradiated in EBR-II to 2.6 at. % burnup; the second pin (SMV-2) was clad
with Type 304 stainless steel and had been irradiated in EBR-II to 6.9 at. %
burnup. The fuel-cladding interactions observed in both fuel pins were dis-
cussed previously (see ANL-7606).

Both the UC and PuC fractions of the original fuel material
were hyperstoichiometric, the UC containing UC, and the PuC containing
Pu,C;. The average particle size of the PuC was <44 um and that of the
UC was 500-1700 um. Postirradiation metallographic examination showed
that the physical characteristics of the fuel material had not been altered
appreciably during irradiation: the UC was present as large, discrete par-
ticles, and the PuC as a finely divided, porous material.

Preliminary studies have been conducted to determine the
distribution of fission products in the SMV-2 fuel pin. Spectral profiles
taken of the homogeneous uranium carbide particles revealed detectable
quantities of zirconium and molybdenum. Typical particles (average size,
~700 um) located near the center and periphery of the fuel were examined
for these elements. No concentration difference was observed for either
elements as a function of (1) location within a given particle or (2) location
of the particle within the fuel pin.
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Examination of the uranium carbide phase also indicated
the presence of xenon, but this finding must be considered tentative until
further confirmation is obtained. Several difficulties are associated with
the positive identification of xenon by electron microprobe analysis:

(1) the concentration of xenon in the fuel is low and (2) accurate experi-
mental data on the wavelength of the xenon L X-ray lines are not available.
At present, an attempt is being made to prepare a xenon standard that is
suitable for microprobe analysis. The technique being used is the high-
energy impaction of xenon atoms into a substrate metal such as aluminum.
(Xenon samples prepared by this technique have been reported to remain
fixed for long periods of time.) If this technique proves to be adaptable to
microprobe studies, it should provide a means of establishing accurate
values for the wavelengths of the xenon L X-ray lines.

Spectral analysis of the porous plutonium carbide phase
indicated the presence of neodymium, palladium, and cesium. The cesium
was observed throughout the plutonium carbide in localized concentrations.
This is in contrast to the behavior of cesium in oxide fuels, where cesium
is found primarily in the cooler zones (i.e., near the cladding) of the fuel.

Further studies of the distribution of fission products in
the carbide fuels are in progress.

c. Thermodynamics of Fuel Materials

(i) Total Vapor Pressures and Carbon Potentials in the Ter-
nary U-C-Pu System (P. E. Blackburn and M. Tetenbaum)

Last Reported: ANL-7606, pp. 97-98 (Aug 1969).

The study of the vaporization behavior of the uranium-
carbon system is continuing. Measurements of the total pressure of
uranium-bearing species and carbon activity are being made as a function
of temperature and UCy compositions, using the transpiration method with
hydrogen-methane mixtures as carrier gases. Emphasis has been placed
on measuring carbon activities in the uranium-carbon system; these meas-
urements will ultimately be extended to plutonium carbides. Plans are also
in progress to investigate the effect of oxygen contamination in the U-C sys-
tem; in particular, the influence of oxygen on carbon activity will be
investigated.

Estimates of the activity of uranium at various UCx com-
positions can be made from AGy values derived from our carbon activity
measurements (see Progress Report for April-May 1969, ANL-7577,
pp. 149-151) and the application of the Gibbs-Duhem equation in the form



AGpluE L) = AGH(UC] o) = -
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AGc(UCy)
N¢ —

AGc(UC, g0)

The standard free energy of formation of UC, o, was estimated from the
heat of formation of UC, o, and the appropriate free energy functions.
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Fig. IIL.B.8. Uranium Activities Derived from
Gibbs-Duhem Integration of
Carbon Activity

d. Oxide Fuel Studies

(i)

20

For AHf34(UC, o), we used the re-
cent value of -23.2 + 1 kcal/mol
obtained by Storms and Huber* by
means of combustion calorimetry.
The results are summarized in
PigIII.B.8. In peneral, the'caleu-
lated uranium activity values are

in good agreement with values based
on Storms** adjusted vapor pressure
values for UCy and 126.3 kcal/mol
as the heat of vaporization of
uranium.t

It should be noted that the
shapes of the calculated curves
shown in Fig. III.B.8 are consistent
with expectations, namely, a sharp
increase in uranium activity near
the stoichiometric composition as
the composition of the condensed
phase is reduced toward the lower
phase boundary, U(£) + UC(s), in
the hypostoichiometric region.

Oxide-fuel Swelling Mechanisms and Models

(R. B. Poeppel)

Last Reported: ANL-7595, pp. 91-92 (July 1969).

A rigorous derivation of the counting procedure previously
described has been developed. The counting procedure uses the formula

M=

w
1

f(n)f(s) x Nay(s) x P(s,n)/[Nay(n+1) - Nay(n)]

(1)

*storms, E. K., and Huber, E. J., J. Nucl. Mater. 23, 19 (1967).
**gstorms, E. K., The Refractory Carbides, Academic Press, New York, New York (1967), Ch. XI, p. 205.
t Ackermann, R. J., and Rauh, E. G., J. Phys, Chem. 73, 769 (1969).
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for the rate of growth of fission-gas bubbles from the size range (n)th to
the (n+1)th, where

nth size range is defined as all bubbles that contain be-
tween mP~! and m"™ - 1 inclusive gas atoms;

m is an integer >2;

f(n) is the number of bubbles in the nth size range (per
unit mass of fuel);

Nav(n) is the average number of gas atoms in bubbles of
the nth range;

P(s,n) is the probability that a bubble in the nth range will
coalesce with a bubble in the sth range.

The formula was derived using a conservation condition on the number of
gas atoms.

Equation (1) may be derived by summing coalescence prob-
ability over all pairs of bubbles, interchanging the order of the sums and
making appropriate approximations. The distribution function f*(i) must be
defined on the bubble size space; f*(i) is the number of bubbles that contain
i gas atoms. The functions f(n) and N,y (n) may now be redefined:

f(n) = Z £%(1) (2)
a =Tt
and
gy if*(i)/£(n). (3)

These definitions are consistent with the verbal ones used above.

If j is the size of a gas bubble in the (n- 1)th range, then
coalescence of a bubble of size i with one of size j - i, where i and j-1i
are both less than m™, will produce a new bubble in the (n + 1)th range.
The total number of bubbles produced of size j is determined by summing
the coalescence probability P(i, j-1i) over all such pairs. Each pair must
be counted only once, and the summations are different depending on
whether j is odd or even.

Since m™ - 1 is the size of the largest bubble not in the
(n+1)th range, the largest j considered is 2(mP-1). The total number of
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bubbles growing into the (n+ 1)th range is obtained by summing over j
from mP to 2(m™- 1), i.e.,

2mP-2 [ i=(1/2)j

¥% Y @G- plj-1)  § even

j=m" lizj-(mn-1)

(1/2)(j-1)
Y PG p6-1)  joddp. (4)

i=j-(m®-1)

If the order of the summations are interchanged, Eq. (4) becomes

(172)mn mBP4i-1
#6) ) -1 plij-i)
=] Gt
mDB-1 m0BD+i-)
+ Yy fE) Yy #G-Ypl-1) (5)
i=(1/2)mn4 j=2i

The distribution function f*( ) on i can be related to the distribution f( ) on
n by f( ) = £%( ) di/dn." The derivative di/dn may be approximated over
the range of the second sum in the first term by Nay(n+1) - Nay(n). If the

coalescence probability is also considered to be a constant of the sum,
Eq. (5) becomes

mni-1_;
Y +@p(in)if(n) | /(Nay(n4) - Nay(n)
11
(1/2)mn mBP4i-1
£y r@ ) eGen)phi-)
i=m?f-! j=m®
mBl-1 mBD+4i-1
£ B ) el -a). (6)
i=(1/2)mP41 =2

tCramer, Harald, Mathematical Methods of Statistics, Princeton University Press (1946), p. 292.
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The sum over i is then partitioned into sums over ranges s with p(i,n)
averaged for each range:

m-1 Mo
Z P(s,n)f(n) Z if*(i)] /(Nay(n+1) - Nay(n)
a=1 i:mS-l
ik P(n:n)fz(n)Nav(n)/(Nav(n+ 1) =3 Nav(n)' (7)

The substitution in the last term may be considered a definition for P(n,n).
If Eq. (2) is used in Eq. (7) the result is

Y P(s,n)f(n)Nay(s)f(s)
S =1

Nyv(n+1) - Nay(n) (8)

Expression (8) is the same as that derived by the method
using conservation of gas atoms. It is the basis for a computer programTL
that is now being written to calculate bubble-size distribution in mixed-
oxide fuels.

(ii) Fuel Swelling Studies (L. C. Michels and G. M. Dragel)

Last Reported: ANL-7595, p. 1 (July 1969).

A technique for the preparation of two-stage replicas has
been developed to examine oxide fuels in the electron microscope. This is
a modified version of a technique previously used at ANL to examine irra-
diated carbide fuels.tT

The initial steps in the preparation of the replicas are
carried out remotely in the Metallurgy Division Alpha-Gamma hot cell.
Irradiated oxide fuel specimens that have been ground, polished, and
etched are used. Plastic replicas of the surface of the specimen are
made by placing acetyl cellulose tape, softened with acetone, in contact
with the fuel. After hardening, the tape is stripped from the specimen
and given an initial cleaning in the hot cell to remove as many adhering
bits of fuel as possible. The plastic tape is alternately dipped in an acid
solution in methyl alcohol and in a detergent-water solution, both of which
are in an ultrasonic cleaner. The plastic replica is then transferred from
the hot cell to a fume hood, where additional cleaning steps are carried out
until & and B-7y activity is reduced to a minimum.

1Li, Che-Yu, Pati, S. R., Poeppel, R. B., Scattergood, R. O., and Weeks, R. W., Some Considerations of the

Behavior of Fission Gas Bubbles in Mixed-oxide Fuels, to be presented at the Winter ANS Meeting, San
Francisco, November/December 1969,
il Yoon, Y. K., Watanabe, H., and Kittel, J. H., Plutonium as a Reactor Fuel, IAEA, Vienna, 1967, p. 455.




Following cleaning, the plastic replica is flattened by
heating between two glass slides at a temperature not exceeding 70°C. The
plastic replica is then placed in a vacuum evaporator and shadowed with
Pt-20% Pd at a 30° shadow angle, followed by a vertical deposition of car-
bon. A layer of melted paraffin is then applied to the shadowed and carbon-
coated plastic replica. The purpose of the paraffin coating is to provide
support for the fragile platinum-palladium-carbon replica during dissolu-
tion of the plastic. The plastic expands during dissolution and without the
paraffin support the replica would be destroyed.

Small pieces (approximately 1/16 in. by 1/16 in.) are cut
from the paraffin-coated replica and are attached (using acetone), plastic
side down, to the 0.125-in.-dia copper grids. Several of the mounted
specimens are placed in a wire-mesh basket and introduced into a reflux
condenser, where the plastic tape is slowly dissolved in condensing ace-
tone vapor. The paraffin also is dissolved in condensing xylene vapor in
the reflux condenser. The platinum-palladium-carbon replica remains on
the copper grid. Acetone vapor was used as the final cleaning step in the
reflux condenser. The replicas are ready for examination in the electron
microscope. The activity at this stage has been reduced to 200-300 dpm a
(fixed) and 0.1-0.3 mR/hr B-vy total for three to five specimens.

This technique has been used to prepare replicas of
metallographic sections from fuel element SOV-6. The fuel in this element
consisted of vibratorily compacted Dynapak particles of (U,Pu)O,. The
specimen examined was a transverse section taken from the midplane of
the fuel column. The burnup achieved
was 2.7 at. %, and the fuel surfaceand
centerline operating temperatures
were calculated to be 865 and 2565°C,
respectively.

The most important observa-
tion was of what appears to be sub-
grain boundaries in the equiaxed
grains and in the transition region
between the equiaxed and columnar
grains. These subgrain boundaries
are shown in Fig. III.B.9, and, in
the lower portion of the figure, a
grain boundary is evident, along
which large gas bubbles have col-
lected. Many small bubbles and
some larger gas bubbles and inclu-
sions lie along the subgrain bound-
A T G COlEIE - bt ned aries.indit.:ating tha.t tlf'ley are efficient
Grain Transition Region of Ele- trapping sites for fission gases.
ment SOV-6. The center of the Some of these boundaries are bowed
element is to the upper right, (see Fig. III.B.9, A and B), suggesting

X1200

Fig. 1IL.B.9. Replica Electron Micrograph of an
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either that the boundaries are migrating or that the associated large bubbles
or inclusions are moving and dragging the boundary. It is difficult to estab-
lish which movement is occurring because the temperature gradient in the
fuel is perpendicular to either migration. If the subgrain boundaries are
migrating, this could be a mechanism for sweeping fission gas bubbles to
grain boundaries. In either event, the trapping of gas bubbles on the sub-
grain boundaries would have to be considered in calculating release rates

of fission gases.

(iii) Fuel-element Performance (L. A. Neimark, F. L. Brown,
W. F. Murphy, and H. V. Rhude)

(a) Examination of Group O-2 Fuel Elements

Last Reported: ANL-7632, pp. 109-110 (Oct 1969).

Analysis of the fission gas recovered from the plenum
of SOV-1 showed that the mixed-oxide fuel in this element (irradiated in
EBR-II) had released 57% of the fission gas generated, based on an esti-
mated maximum burnup of 5.0 at. %. This gas release was comparable to
the release from the same fuel material irradiated in a companion element
to 3.6 at. % burnup at 6% higher initial operating power. Table III.B.1 sum-
marizes the design parameters, operating conditions, and the results of
dimensional inspections and fission-gas release measurements for the
three stainless steel-clad elements in Group O-2.

TABLE III.B.1. Summary of Group O-2 Type 304 Stainless Steel-clad Fuel Elements

Max Heat Fuel Smear Max Diameter Length Volume Gas
Burnup Generation Density Increase Increase Increase Release
Element (at. %) (kW/ft) () (%) (%) (%) (%)
SOV-1 520; AL, T8 G 80 0.61 (02l 0.82 5if
SOV-3 SET 21.4 83 0.40 0.08 0.67 -
SOVv-7 3.6 RIS 85 0.40 0.09 0.62 61

2Second burnup increment of 1.4 at. %.

Metallographic examination of SOV-1 continued with
the etched sections. The etchant was 8 parts 30% H,0, and 2 parts concen-
trated H,SO,. Etching was by immersion at room temperature. Evident in
the etched microstructure of the columnar grain region were what appeared
to be bubble trails indicating movement of spherical bubbles to the central
void (see Fig. II1.B.10). These bubble trails were observed at all elevations
in the fuel column. Etching first revealed trails near the outer boundary of
the columnar grain region; additional etching was required to develop the
trails in the microstructure closer to the center of the fuel. Adjacent to
the central void the trails appeared short and fainter, even though etching
was prolonged for several hours.
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Evidence of fuel-cladding
interactions was found along the
length of the element but mainly
in the upper half. This attack is
believed to be by iodine, with the
resultant removal of grain-
boundary material as iodides.

The calculated cladding-interface
temperature at which this attack
became apparent was 550°C. The
maximum depth of attack found by
optical metallography was 8.8 mils,
halfway between the midlength and
the top of the fuel column, where
the calculated temperature was
590°C, the maximum cladding tem-
perature obtained in the element.

Grain-boundary carbide
precipitation, previously observed
in the stainless steel cladding of
Group O-2 elements after 3.6 at. %
burnup, was again found in SOV-1
after 5.0 at. %, but in no more
marked degree. Cladding-hardness increases were the same as previously
observed after 3.6 at. % burnup--from 25 to 56% higher than the preirra-
diation value of 174 DPH--with the largest increase occurring in the cooler
operating region near the bottom of the element.

FP-11652 AgOy + HoSOy etch 150X

Fig. III.B.10. Bubble Trails in Columnar Grain Ad-
jacent to the Central Void (top) near
the Top End of SOV-1

»

(b) Preparation of Group O-3 Fuel Elements

Last Reported: ANL-7632, p. 110 (Oct 1969).

Eighteen encapsulated mixed-oxide fuel elements of
Group O-3 have passed all inspections called for in the quality assurance
plan and were accepted for irradiation by the experimenter. The capsules
have been shipped to Idaho for loading into EBR-II Subassembly X072,
which is scheduled for irradiation beginning with Run 39. A summary of
the design variables in the 18 Group O-3 fuel elements is given in
Table I11.B.2.

A nineteenth capsule, to complete the complement of
the 19-capsule Mark-A subassembly, is in preparation. This capsule will
contain a specimen of Type 316 stainless steel tubing from the same batch
as that of the cladding on four of the fueled Group O-3 elements. This
tubing will provide control specimens for postirradiation mechanical prop-
erty tests on the element cladding to assess the effects of fuel-cladding
chemical interactions.
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TABLE III.B.2. Summary of the As-loaded Group O-3 Fuel Elements

Cladding Average
Stainless Dimensions Fuel Pellet Smear Max Smear
Capsule Fuel Steel OD/ID Length Diameter Density Density
Identification Type Cladding (in.) (in.) (in.) (% T.D.)P (% T.D.)P
ASOPC-1 Pellet? Type 304 0.290/0,260 12.16 0.256 ekt 80.2
ASOPC-2 Pellet Type 304 0.290/0,260 12515 0.256 79.6 80.4
ASOPC-3 Pellet Type 304 0.290/0.260  12.16 0.256 82.5 83.9
ASOPC-4 Pellet Type 304 0.290/0,260 12.16 0.256 82.4 83.6
ASOPC-5 Pellet Type 304 0.290/0.260 12.08 0.246 76.8 7704
ASOPC-6 Pellet Type 304 0.290/0.260  12.01 0.246 76.8 77.4
ASOPC-7 Pellet Type 316 0.290/0.260 151805 0257 83.0 85.0
ASOPC-8 IRElCt Type 316 04290/0.260 B9 0.257 829, 8553
ASOPC-9 Pellet Type 318 0.290/0.260 12110 0.256 82.4 83.6
ASOPC-10 Pellet Type 318 0.290/0.260 11.94 0.257 82.4 84.9
ASOV-14 Dynapak® Type 304 0.290/0.250  12.00 - 79.7 =
ASOV-15 Dynapak  Type 304 0.290/0.250  12.00 - 79.5 =
ASOV-16 Dynapak  Type 304 0.290/0.250  12.00 = 80.2 5
ASOVG-17 Sol-geld  Type 304 0.290/0.260  12.00 - 79.7 2
ASOVG-18 Sol-gel Type 304 0.289/0.260  12.00 - 79.5 Y
ASOVG-19 Sol-gel Type 316 0.289/0.260 12.00 - T3] -
ASOVG-20  Sol-gel Type 316  0.290/0.260  12.00 = 79.4 -
ASOVG-21 _ Sol-gel Type 318 0.290/0.260  12.00 = 80.1 =

3S0lid solution pellets of (Uy gPuy.,)0;.

bTheoretical density, 11.07 g/cma‘

€Sol-gel microspheres, vibratorily compacted (Uy gPuy,,)O0,.
Dynapak powder, vibratorily compacted (U, gPu; ;)O,.

(c) Out-of-reactor Simulation Experiments

Not previously reported.

The mechanical interaction between fuel and cladding
in the form of homogeneous and nonhomogeneous stresses is believed to
be one of the major causes of fuel-element failure. Out-of-reactor ex-
periments to study specific aspects of fuel-element behavior are being
undertaken to understand these mechanical interactions better, and to aid
in developing analytical models of fuel-cladding mechanical interactions
that can be used in computer codes to predict fuel-element lifetime. Phe-
nomena to be investigated are cladding ridging, axial and radial ratcheting
on thermal cycling, local interactions between cracked fuel and cladding,
and dry-slumping of the fuel.

A mockup of a high-temperature furnace that incor-
porates a tungsten heating element for internal, axial heating of a fuel
column has been built and tested. Data from these tests are being used
to finalize the design of a furnace suitable for these experiments. Pro-
curement of annular fuel pellets and cladding for the initial experiments
has been initiated. :



2. Techniques of Fabrication and Testing--Research and Development

a. Nondestructive Testing Research and Development (H. Berger)

(i) Laser Studies and Holography (N. Fernelius)

Last Reported: ANL-7618, pp. 97-99 (Sept 1969).

Some investigations were made to alleviate the problem of
repositioning a developed hologram for real-time interferometric studies.
Several samples of photochromic glass were obtained from the Corning
Glass research laboratory. This glass darkens when exposed to ultraviolet
light and bleaches when exposed to red light. Since it is immaterial whether
a hologram is taken with positive or negative film, we hoped to bleach out a
hologram on a properly darkened glass plate. If this had been feasible, a
reference hologram for real-time interferometric studies that could have
been developed in situ would have resulted and both repositioning and emul-
sion shrinkage problems would have been avoided.

Several crucial difficulties were encountered: (1) the glass
sample could not be darkened appreciably with existing sources of ultra-
violet light, (2) the darkening of photochromic glass fades even when kept
in the dark, and (3) the red-light intensities necessary for bleaching were
somewhat greater than expected.

Some samples of gamma-irradiated glass (>10° rad) were
obtained that were light brown in color. No darker colored centers were
perceived when irradiated with our ultraviolet source. Some samples of
cobalt glass that had been irradiated with dose$ >10° to 10° rad were tested.
We were unable to bleach out the dark purple color even though the glass
was illuminated by a 20-mW undispersed He-Ne laser beam for several

days.

(ii) Development of High-temperature Piezoelectric Transducers
(R. H. Selner)

Last Reported: ANL-7595, p. 102 (July 1969).

A circumferential butt weld in the Core Components Test
Loop (CCTL) was inspected* with a conventional ultrasonic shear-wave
technique. The cold-weld inspection was conducted at room temperature
to determine if any discontinuities existed in this highly stressed weld.
Two discontinuities with reflection amplitudes about 30 and 75% of that
obtained from the standard reflector (2.38-mm diameter by 38.1-mm long)
were detected. Continuous or periodic monitoring of the largestdiscontinuity

*In accordance with ASME Boiler and Pressure Vessel Code, Section III, Nuclear Vessels, Appendix IX,
201-230 (1968).



with the test loop in operation is planned provided an ultrasonic transducer,
which can operate up to 600°C, can be designed and manufactured.

The shear-wave transducer used in the cold-weld inspection
generated a 70° shear wave into the loop wall (Type 304 stainless steel) by
mode converting a longitudinal wave from a plastic wedge (generally Lucite).
A similar scheme can be utilized in a high-temperature transducer by re-
placing the Lucite wedge with one of fused silica. Because the longitudinal
velocity is much higher in fused silica than Lucite, a suitable shear-wave
angle (45° or higher) cannot be produced in stainless steel with a fused
silica wedge angle approaching 90°. However, a fused silica wedge with
an angle of 58° and with a shear-wave transducer will generate a 45° shear
wave in stainless steel. A high-temperature transducer incorporating these
features is being constructed.

A high-temperature vacuum furnace facility (maximum
operating temperature of 2400°C) is being assembled. When complete, this
facility will increase our production capabilities of brazed acoustic sensors.

Alternative techniques of attaching lithium niobate and other
piezoelectric crystals to metals and other high-temperature materials are
being investigated. A zirconia-base cement that has a maximum operating
temperature of about 2200°C has been ordered and received. Experiments
to determine the capabilities of this cement will be conducted.

3. Engineering Properties of Reactor Materials--Research
and Development

a. High Temperature Mechanical Properties of Ceramic Fuels

(i) Plastic Yielding and Fracture of Fuel Oxides
(B. J. Wrona and J. T. A. Roberts)

Not previously reported.

An Instron Universal testing machine and high-temperature
furnace, which were enclosed in an inert-atmosphere dry box, will be used
to study the out-of-pile, short-term, high-temperature mechanical proper-
ties of UO,-PuO, compounds in four-point bending. The aim of this program
is to investigate the influence of PuO, on the mechanical properties of UO, as
a function of density, grain size, and stoichiometry. Initially, the composi-
tion will be UO,-20 wt % PuO,, which is the proposed starting fuel for the
LMFBR series. The mechanical-properties data are necessary input for
the fuel-lifetime prediction codes. At the same time, it is hoped to eluci-
date flow and fracture mechanisms.



Test specimens were fabricated as follows. An intimate
mixture of UO,-20 wt % PuO, was achieved by ball milling with 0.5 wt %
carbowax 4000 in ethyl alcohol for 3 hr. After drying, the powder was
pressed into slugs at a pressure of 6000 psi, then the slugs were pulver-
ized and pressed into bars at a pressure of 12,000 psi. The bars were
sintered at a temperature of 1575°C in a flowing He-6% H, atmosphere for
4 hr. Typical dimensions of the sintered bars were 1.77 by 0.21 by 0.23 cm.
The sintered bars were nearly fully reacted, with an oxygen-to-metal ratio
of 1.977, and were 90% of theoretical density. The grain size has not been
determined because a suitable etchant has not been found. However, the
grain size is probably small.

Typical load-deflection curves for specimens deformed
at a strain rate of 0.097/hr are reproduced in Fig. II.B.11. At 1000°C,
completely brittle behavior was observed. The two specimens tested so
far failed at stresses of 941 and 1083 kg/cm?, and possessed Young's

moduli of 780,000 kg/cm?® (11.1 x

e ol oo i 10° psi) and 800,250 kg/cm? (11.4 x
sol- 4 10° psi), respectively. Plastic de-
. | formation was observed at 1400°C,

2 and the elastic region was almost
T 7 negligible; however, the specimens

S 1 did fail after relatively small de-

o s | flections. At 1500 and 1600°C the
e i specimens tested were completely

plastic, and no elastic region was
detected. The material work hard-
Fig. IIL.B.11. Load-deflection Curves at ened up to the maximum deflection

DEFLECTION, cm

Four Temperatures measured, without failure.

To analyze the load-deflection curves, the Nadai* proce-
dure for the analysis of a plastically bent beam was employed. The maxi-
mum stress parallel to the outer tension and compression surfaces of the
bend specimen is

(1)

v 355,

where a is the distance between the inner and outer loading contacts, b is
the specimen width, h is the thickness, W is the transverse load applied
to the specimen, and & is the total transverse deflection (elastic plus
plastic) of the specimen between the inner contacts. In the absence of
plasticity, Eq. (1) reduces to the conventional formula for the rupture

modulus:

op = MR = 3Wa/bh’ (2)

for an elastically bent beam.

*Nadai, A., Theory of the Flow and Fracture of Solids, McGraw-Hill Book Co., Inc., New York (1950), p. 353.




All the data obtained so far are summarized in Fig. III.B.12
in the form of plots of maximum stress and plastic strain versus tempera-
ture. The brittle-ductile transition

¢ plAe aRil b A '( )' lies somewhere in the 1000-1400°C
2-1 sl .
ool R S R T e e eg 7% temperature range. This compares
bl ——e—— MAXIMUM STRESS
i o7 favorably with the 1250°C transition
§'°°°' o8 x(2-4) _”'g temperature reported for a higher
el .M)/x(as) |5 density (97%) UO, material.*
é e
E i x(2-5) g
ThSE A T A material deforming plas-
g el / 2 3 tically in the stain-hardening region
= ¥ES &3 AL generally obeys the stress-strain
R ,’ 2.2 relationship
(2-3)
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= n
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Fig. II1.B.12. Maximum Stress and Plastic Strain vs where n is the strain-hardening co-
Temperature for All Specimens Tested efficient and K is the stress at € =

1.0« In Fig. HINBMSElox RoRvies s
log € is plotted at three temperatures. Several interesting features
emerge. First, the linear plots imply continuous work hardening; at 1500
and 1600°C this starts at the onset of loading and continues for the duration
of the test, but at 1400°C a small amount of elasticity occurs at € = 0.00025.
Second, the slopes of the plots are almost identical and equal to 0.489, 0.434,
and 0.455 at 1400, 1500, and 1600°C, respectively, which is an indication of
approximately the same coefficient of strain hardening. Finally, the value
of K increases exponentially with decreasing temperature (see Fig. III.B.14).
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Fig. IIL.B.13, Plot of Log o vs Log ¢ at Fig. IIL.B.14. Plot of Loge K vs Temperature

Three Temperatures

*Beals, R. J., and Canon, R. F., ANL Report at 28th Meeting of High Temperature Fuels Committee,
May 13-15, 1969.



Tentatively, these results permit writing an equation of
deformation that excludes an elastic contribution for the temperature
range 1400-1600°C. Thus,

0.459%0.022
o = Kel:49 -

where

K = e(28.83-0.014T)
Therefore,

0 = ef28.83-0.014T)0.459+0.022
or

o = 3.3 x 10!2e-0-014T0.459%0.022

At present, no firm conclusion can be drawn to explain
this extensive plasticity, nor the mechanism involved. Deformation data
on 90% dense UO, are not available, but are being collected. This data
will help to determine whether the additional porosity or the introduction
of PuO, is responsible for the change in deformation behavior that is
observed in 97% dense UO,.


http://28.83-0.014T
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C. Engineering Development--Research and Development

1. Instrumentation and Control

a. Boiling Detector (T. T. Anderson)

Last Reported: ANL-7632, pp. 113-114 (Oct 1969).

(i) Acoustic Method

(a) Boiling-sodium Spectra in Simulated Reactor
Geometries (T. T. Anderson)

When sodium boiling is initiated in an LMFBR channel,
increased resistance to flow caused by the sodium vapor would change the
hydraulic characteristics of the boiling channel relative to adjacent channels.
A calculational procedure* has been developed to relate time-dependent
pressure drops to mass flowrate in terms of a "hydraulic impedance."
Tests on a single-channel natural- or forced-convection boiling loop show
the method to apply for (1) single-phase forced-convection flow, (2) two-
phase forced-convection flow, and (3) two-phase hydrodynamically unstable
natural-convection flow. Conceptually, the method can be used to determine
the interrelationship between sodium vapor and the perturbed flow in a fuel
subassembly.

(b) Irradiation and Resistance Tests of Piezoelectric and
Insulator Materials (T. T. Anderson and
S. L. Halverson)

A third irradiation has been performed with 1-2-MeV
electrons on high-phase-match Y-cut lithium niobate clamped in an elec-
tromechanical transducer assembly (test rig H-2). The two previous tests
had focused on detecting acoustic signals in the presence of the ionizing
radiation; this test was concerned with measuring basic crystal properties
in the presence of the radiation. For this purpose, transducer impedance
was measured at the resonance frequencies of the crystal. A change in
resonance properties could then be interpreted as a radiation-induced effect
in the crystal under irradiation. Charge and voltage output from the crys-
tal were measured for mechanical excitation provided by an ultrasonic
transducer (0-1 MHz, 0-5 MHz frequency scans).

These data were obtained on X-Y recorders for con-
ditions before, during, and after irradiation. Conversion of the large quan-
tity of data to electromechanical characteristics was made difficult by the

*Anderson, T. T., Hydraulic Impedance: A Tool for Predicting Boiling Loop Stability, (to be presented at
the ANS Winter Meeting, San Francisco, Nov, 30-Dec. 4, 1969).
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transmission-line characteristics of a 50-ft coaxial cable between the
crystal and the impedance-measuring system. Because this same problem
would apply to measuring in-reactor characteristics of piezoelectric devices,
a computer program has been written to convert the raw impedance data
directly into transducer efficiency, quality factor Q, sensitivity, and the
electromechanical-transducer phasor. Data processing has just begun, but
several qualitative statements can be made.

Direct examination of the on-line X-Y plots of imped-
ance showed that, during irradiation, resonance peaks decreased and the
first resonance region contained a larger number of small-amplitude res-
onances. Electrical resistivity of the assembly decreased by factors of
10% to 10*. After the irradiations, there was a short-term partial recovery
of resonance characteristics (within 5 min), followed by a more extensive
recovery (hours to days).

When electrons partially penetrated the crystal, dam-
age appeared to be more severe than during complete penetration. Tests
are in progress to determine whether this effect at the lower energies could
be attributed to asymmetrical straining of the crystal.

Another electron-irradiation test of lithium niobate is
planned to compare the short-term after-irradiation effects for different
crystal orientations and compositions. From optical and electrical meas-
urements of the crystals, we hope to estimate how electrons trapped in the
crystal would affect transducer performance in a reactor environment.

(c) Development of High-temperature Detector
(A. P. Gavin) .

Acoustic vibration response has been measured for
test rigs that had a nickel or stainless steel rod to transmit vibrations be-
tween a mechanical shaker on one end and a lithium niobate transducer
assembly on the other. Performance of the transducer assembly has been
improved by sandwiching the crystal between the stainless steel transmission
rod and a stainless steel terminating rod to form a "Hopkinson-bar trans-
ducer."* Fortuitously for high-temperature applications, stainless steel
provides an excellent acoustic impedance match to lithium niobate, allowing
optimum transmission of acoustic energy.

Tests are being prepared to measure the high-
temperature performance of the transducer assembly in the lightweight
furnace described in ANL-7632.

*Thompson, R. A., Quartz Crystal Pressure Bar Transducer with a Two Microsecond Response, SCL-DR-66-110,
Sandia Corp. (March 1967).




2. Heat Transfer and Fluid Flow (M. Petrick)

a. LMFBR Burnout Limitations (R. J. Schiltz and R. Rohde)

Last Reported: ANL-7632, pp. 114-116 (Oct 1969).

(i) Preparation of Apparatus. The main piping system assem-
bly is ~25% complete.

The six 1.5-in. valves for the loop have been received from
the shop after extensive rework, repair, and final inspection involving dye-
penetrant checks and radiography. Two of these valves have been welded
into part of the piping system. Fabrication of the oil-cooling system for
the electromagnetic helical induction pump is ~25% complete.

The design of the transition section for the heat exchanger
to the air-duct system has been completed. The air-cooled heat exchanger
has been instrumented with thermocouples and fitted with electric heaters.
The unit is being prepared so that the vibration characteristics can be ob-
served when the unit is subjected to the maximum air-blower output.

System piping changes have necessitated a final thermal-
expansion analysis and hanger-load analysis. A contract for this work has
been initiated.

The extension of the loop superstructure has been com-
pleted and a portion of the equipment for the tests has been mounted on

this extension.

b. Heat Transfer in Liquid-Metal Heat Exchangers

(i) Boundary-value Problems in Forced-convection Heat
Transfer (R. P. Stein)

Not previously reported.

This new research activity has as its main objective the
unification, generalization, and extension of previous investigations of heat
transfer in liquid-metal-cooled reactor channels and heat exchangers.

An analytical study considered the general case of a single-
pass shell-and-tube heat exchanger with fully developed laminar flow through
the tube side and a turbulently flowing nonmetallic fluid through the shell
side. The shell-side heat-transfer coefficient was taken as constant, an
assumption considered to be a good approximation for the turbulent flow of
nonmetallic fluids in unbaffled, or closely spaced baffled, heat exchangers.
Heat-transfer coefficients were not used for the tube side. Instead, the



i)

two-dimensional convection equation (based on the usual assumptions of
temperature-independent properties, negligible axial conduction, etc.)
served as the basis of the study.

An interesting result of the study (similar to previous
results) is that the customary heat-exchanger design formulas can be
made to apply by use of the actual fully developed overall heat-transfer
coefficient and an effective additional heat-exchanger length. The overall
heat-transfer coefficient depends, of course, on the tube-side heat-
transfer coefficient which, as noted in previous studies, depends on the
operating conditions of the exchanger in a complex manner. The effective
additional heat-exchanger length accounts for the high rates of heat trans-
fer in the thermal-entrance region of the exchanger and also depends on
the operating conditions of the exchanger.

The operating conditions of the exchanger can be charac-
terized by two dimensionless quantities, KT and H, and by whether the flow
is countercurrent or cocurrent. The quantity KT, a relative total thermal
resistance of the heat-exchanger wall and shell-side convection, is defined
by

ok ok
198 3k, L h(aTh)

where k is thermal conductivity of tube-side fluid, ky is thermal conduc-
tivity of wall, h is heat-transfer coefficient for shell side, a is inside
radius of tube, b is wall thickness, and b' = a In [1 + (b/a)] = b for

b/a <& 1. The quantity H is the ratio of heat cagacity to flowrate, defined
by H = CZWZ/C1W1, where Cj is the specific heat of fluid i, Wj is mass
rate of flow of fluid i; i = 1 identifies the tube-side fluid and i = 2 refers
to the shell-side fluid.

The fully developed overall heat-transfer coefficient is
conveniently expressed as an overall Nusselt number Nu‘: = ZaUl/k, where
U, is the fully developed overall heat-transfer coefficient referred to the
tube side. For sufficiently large values of K (say Kp > 10), Nu‘; = Z/KT,
indicating that heat-transfer rates are controlled by the shell-side and wall
thermal resistance so that tube-side coefficients need not be known
accurately.

A dimensionless heat-exchanger length is defined by Z =
(4/Pe,)(L/D), where Pe, is the tube-side Peclet number, L is the heat-
exchanger length, and D is the tube inside diameter. With the effective
additional heat-exchanger length denoted by AL, AZ represents its dimen-
sionless counterpart when L is replaced by AL in the above definition of Z.
For sufficiently large values of Z, both AZ and the tube-side Nusselt
number become independent of Z, and the heat transfer is considered
nfully developed."
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Table III.C.1 shows representative values of the various
dimensionless quantities as a function of the heat-exchanger operating con-
ditions. Included in the table is the dimensionless length Z* required for
"fully developed" heat-transfer conditions, and the heat-exchanger effec-
tiveness €* corresponding to Z*. Thus, the customary heat-exchanger
design formulas can be used with U, determined from Nuj and with L re-
placed by L + AL, as determined from AZ, provided Z > Z* or € > €*,

Also included in the table are values of the fully developed tube-side

Nusselt number Nu;. Recall that for fully developed laminar flow in a tube,
Nu, = 3.66 corresponds to the boundary condition of uniform wall tempera-
ture; Nu, = 4.36 corresponds to the boundary condition of uniform wall flux.

TABLE III.C.1. Various Heat-exchanger Quantities
as a Function of Operating Conditions

KT H Nuj Nu, AZ Tk e*

Cocurrent Flow

051 (o)l 1502 15207 0.167 0.080 0.938
1 Pl Sl 0.059 0.120 0.630

10 Salle] Sl 0.046 OIS 0.421

it 0.1 (0),2) 11 1867 0.091 05235 0.962
1 1582 St 0.018 0.170 0.390

10 1.34 4.10 0.015 0.156 ON223

Countercurrent Flow

(0), 11 0.1 6.07 Gl 0.004 0.016 0.693
1 33518 4.37 0.032 0.098 (O &1L 7/

10 3.21 3282 0.043 ORSISIA 0.383

1 0.1 1°°5038; 6.05 0.004 0.068 0.645
1 183170 4,37 0013 0.141 0,173

10 1:350 4:15 0.014 0153 0.200

3. Engineering Mechanics (G. S. Rosenberg)

a. Structural Dynamics--Structure-Fluid Dynamics
(M. W. Wambsganss, Jr.)

(i) Mathematical Modeling of Parallel-flow-induced Vibration
(S. S. Chen)

Last Reported: ANL-7618, pp. 108-109 (Sept 1969).

An analytical solution has been obtained for the displace-
ment statistics of a simply supported rod in parallel flow. The motion is



described by Paidoussis' equationT and the system is postulated to be ex-
cited by pressure fluctuations in the turbulent boundary layer.

The mathematical model for the turbulent-boundary-layer
pressure is based on that of Bakewell.™ The power spectral densities of
turbulent wall pressure obtained by
Bakewell and others’ are shown in
Fig. III.C.1, where V is flow velocity,
p is fluid density, w is circular fre-
quency, and 6* is displacement
thickness. Numerical calculations
were performed using the dashed
curve of Fig. III.C.1, which corre-
lates the data of Bakewell and
Clinch? quite well. Using Bakewell's
data for the space-time correlation
function and following a random-
vibration approach, the power spec-
tral density of the rod displacement,
y(x,t), can be written as
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where D¢ is the effective rod diam-
eter, ¥ $n(x) is the orthonormal
0.0 ol w0 10 100 mode, Hn(a)) is the transfer function,
Strouhal Number, w8'/V 2 : suiy

and J%(w) is the joint acceptance.
The curyes of the joint acceptance
for the first five modes are shown
in Fig. III.C.2, where 7y is a dimen-
sionless frequency. The physical significance of the joint acceptance is
that it represents the "effectiveness" of the pressure in exciting a mode
of the rod. It will take on a relatively large value when the pressure cor-
relation has a significant contribution at the predominant wavelength of
the mode concerned.

Fig. III.C.1. Nondimensional Spectral Densities of
Turbulent-boundary-layer Pressure

+Paidoussis, M. P., Dynamics of Flexible Slender Cylinder in Axial Flow, Part I. Theory, J. Fluid Mech,
26, 717-736 (1966).

Bakewell, H. P., Jr., Turbulent Wall-Pressure Fluctuations on a Body of Revolution, J. Acoust. Soc. Am.
43, 1358-1363 (1968).

#Clinch, J. M., Measurements of the Wall Pressure Field at the Surface of a Smooth-Walled Pipe Containing
Turbulent Water Flow, J. Sound Vib, 9, 398-419 (1969); Willmarth, W. W., and Wooldridge, C. Z.,
Measurements of the Fluctuating Pressure at the Wall bencath a Thick Turbulent Boundary Layer, J, Fluid
Mech, 14, 187-210 (1962); Skudrzyk, E. J., and Haddle, G. P., Noise Production in a Turbulent Boundary
Layer by Smooth and Rough Surfaces, J. Acoust. Soc. Am. 32, 19-34 (1960).

* Reavis, J. R., WVI-Westinghouse Vibration Correlation for Maximum Fuel Element Displacement in
Parallel Turbulent Flow, Trans, Am. Nucl. Soc. 10, 1, 369-370 (June 1967).
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Four general conclusions
are drawn from the mathematical
model and numerical solutions:

2
n

(1) The damping of the sys-
tem increases linearly with flow
velocity; this agrees qualitatively
with experiment (see Progress Re-
port for April-May 1969, ANL-7577,
p. 166).

Joint Acceptance, |

0.0l 0l 10 10 100 1000

Dimensioless Frequency, y (2) The rms rod displace-
ment is proportional to the flow
Fig. II1.C.2. Joint Acceptance as a Function of velocity to the 1.5 to 3.0 power. The

Dimensionless Frequency higher value is associated with a

high Strouhal number; for the lower
Strouhal numbers, characteristic of coolant flow through reactor internals,
rms displacement is proportional to the flow velocity raised to a power of
1.5 to 2.0. This result is in agreement with Reavis* and Paidoussis** (see
also Progress Report for November 1968, ANL-7518, pp. 101-102).

(3) The first bending-mode response is dominant; the
contributions from higher modes are less than 5%. This is consistent with
experimental observations ¥*:T

(4) The rod response is relatively insensitive to the de-
tailed characteristics of the pressure field. The most important feature
of the pressure field required in the mathematical model is the power
spectrum of the wall pressure at lower values of Strouhal number. Depend-
able data are not available in this range. Clinch reported the existence of
"extraneous noise'" at lower Strouhal numbers. Willmarth and Wooldridge
found that the power spectrum of the pressure fluctuations contained a large
energy density at low frequencies. Figure III.C.1 shows that at lower
Strouhal numbers the data obtained by different experimenters have differ-
ences of an order of magnitude. It is precisely the lower range of Strouhal
number that is important in reactor applications. This emphasizes the
need for making wall-pressure measurements on the surface of the rod in
the lower range of Strouhal numbers.

This mathematical model is successful in predicting
the essential features and basic trends of parallel-flow-induced vibration.
However, further experimental data for the vibration of a cylindrical rod
in axial flow are needed in order to quantitatively predict rms-displacement
response and thus to evaluate the mathematical model; in particular, the

*Reavis, J. R., Ibid, see previous page.
Paidoussis, M. P., An Experimental Study of Vibration of Flexible Cylinders Induced by Nominally
Axial Flow, Nucl. Sci. and Eng. 35, 127-138 (1969).

1’Wambsganss, M. W., Jr., and Boers, B. L., Parallel-flow-induced Vibration of a Cylindrical Rod,
Mechanical Engineering Abstract 91, 4, 64 (April 1969).




power spectral density of wall pressure at lower Strouhal numbers is
needed. The experimental effort to obtain this information is continuing.

(ii) Preparation of Two Structural Dynamics Test Loops
(P. L. Zaleski)

Last Reported: ANL-7632, p. 122 (Oct 1969).

Sufficient data have been accumulated from tests with an
experimental acoustic filter to initiate construction of a filter for the small
test loop. The final design calls for filters upstream and downstream of
the test section. Each consists of three chambers (representing semi-
infinite cavities) connected to the flow channel by a short pipe located near
the bottom of each chamber. These cavities are mounted axially along the
channel and are essentially air-filled during operation. The response of
the system is that of a high-pass filter; the calculated cutoff frequencies
are greater than 400 Hz.

During tests on the acoustic-filter systems, it was difficult
to obtain meaningful pressure measurements because of structural vibra-
tions of the test apparatus. This prompted a study of acceleration effects
on the pressure transducers caused by the inertial loading of the fluid in
contact with them. Results of the simplified analysis that was performed
agreed well with results from a series of tests performed on a shaker table.
Now that a source of extraneous pressure has been identified, steps are
being taken to improve the vibration isolation of the test section; the test
section is being installed in the loop for the purpose of measuring induced
acceleration levels. S

D. Chemistry and Chemical Separations

1. Fuel Cycle Technology--Research and Development

a. Molten Metal Decladding (R. D. Pierce)

(i) Behavior of Volatile Fission Products

Last Reported: ANL-7632, pp. 122-124 (Oct 1969).

(a) Laboratory Process Development. A large portion of
the fission-product iodine is expected to be present as elemental iodine in
the annular and plenum regions of irradiated reactor fuel. In the present
concept of decladding by use of a liquid metal this iodine will be liberated
when the cladding (stainless steel or Zircaloy) is dissolved in liquid zinc
at 800°C. The distribution of iodine between the zinc, a cover salt, and the
gas phases is being investigated. Apparatus fabricated for measuring the
degree of reaction of iodine with zinc and the cover salt consists ofa reaction

1123
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vessel, a reflux condenser, and a gas analyzer in a train. The operating
procedure for the first scouting experiments, which are now under way, is
as follows: a steel capsule containing a known amount of iodine is dropped
into a pool of zinc at 800°C, releasing the iodine to bubble through the zinc
and a LiF-NaF cover salt into a stream of argon that passes through the
equipment train. The quantity of unreacted iodine is measured with the gas
analyzer downstream from the zinc melt.

2. General Chemistry and Chemical Engineering--Research and
Development

a. Thermophysical Properties

(i) Oxygen Gradients, Total Vapor Pressures, and Oxygen
Potentials in Reactor Fuels (P. E. Blackburn and
A.J. Becker)

Last Reported: ANL-7606, p. 117 (Aug 1969).

The transpiration apparatus that will be used to measure
oxygen potentials and total pressures over U-Pu-O has been successfully
tested. The volume of the apparatus was calculated to be 29.3 liters. The
calibration of the on-line oxygen meter, by successive dilutions of air with
argon, indicated that it functioned correctly down to 100 ppm O, (the lowest
oxygen pressure tested).

Oxygen pressures measured over Uz;Og-UsOq at 1725 and
1775°K were 5.0 x 1072 and 9.2 x 1072 atm, respectively. The length of
time expended in each experiment was too short to obtain accurately con-
densable species pressures from the weight data displayed by the balance
incorporated into the apparatus. However, a comparison between the sam-
ple weights before and after equilibrium indicated pressures of uranium-
bearing species were very much less than that of oxygen.

Oxygen pressures over U;Og-UyOq, calculated from the
equation determined experimentally by Roberts and Walter,* compared
favorably with our data.

Attention has also been focused on measuring partial pres-
sures over UO,,,. To date, little quantitative data has been published on
total pressures of uranium-bearing species over single-phase UO,,,. The

oxygen and UO; pressures in this region are relevant to the U-Pu-O system
we will be studying shortly.

*
Roberts, L. E. J., and Walter, A. J., J. Inorg. Nucl. Chem. 22, 222 (1961).
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(ii) Total Effusion of Pu-O and U-Pu-O System
(P. E. Blackburn and R. K. Edwards)

Last Reported: ANL-7606, p. 117 (Aug 1969).

The effusion apparatus, previously used to determine the
congruently vaporizing composition of urania as a function of temperature,
has been installed in a glovebox so that effusion studies of plutonium-bearing
materials may be carried out. The new apparatus, which incorporates a
quadrupole mass spectrometer and a vacuum microbalance, allows studies
of the Pu-X and U-Pu-X systems where X is either carbon or oxygen. The
carbide studies were last reported in ANL-7632, pp. 108-109, Oct 1969, at
which time the current status of apparatus development was detailed.

The performance of the effusion apparatus is being tested
on nonplutonium (urania) materials prior to closing up the glovebox, since
the testing can be carried out more efficiently in this manner. These tests
have shown that the temperature of the effusion cell can be held constant to
better than our most sensitive detection limits. Because of this constancy,
the effusing system becomes truly invariant in a practical way at the con-
gruently effusing composition; optimum conditions are consequently provided
for determining the ionization-efficiency curves needed as part of the cali-
bration information for our instrument. The preliminary curve for the UO
species looks very satisfactory, and similar curves for the other species
are being determined. Further work in calibration and assessment of the
capabilities of the apparatus will precede the planned plutonium studies.

From theoretical studies, it was also established in
ANL-7632 that compositions of the condensed phase can probably be deter-
mined from a mathematical analysis of the mass-spectrometric ion-current
data more accurately than from time-consuming chemical analyses. Con-
tinuing theoretical analyses are directed toward simplifying the determina-
tion of ionization cross sections needed for converting ion-current
observations to partial-pressure values.

b. Preparation of Nuclear Materials (A. A. Jonke)

Last Reported: ANL-7618, p. 118 (Sept 1969).

Studies of the use of a plasma-torch reactor for the conversion
of FBR oxide fuel to reactor-grade carbide fuel in high yield have been ini-
tiated. The current work is devoted to the conversion of uranium oxide to
uranium monocarbide, but the process is expected to be applicable to the
production of (U-Pu)C in equipment installed in an alpha-tight enclosure.
The method involves making composite particles of uranium oxide and
graphite, and reacting the small (~100 mesh) composite particles by passing
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them through and cocurrently with the plasma flame of an inductively coupled
plasma torch (25 kW) pointed downward. The product, in the form of small,
free-flowing spheres of carbide and unreacted oxide and carbon, is collected
in a product receiver at the bottom of the reactor.

The preliminary runs made previously indicated that the carbon
content of the effluent material was lower than that of the feed, but that the
oxygen content of this material was near that of the feed, suggesting that the
hot particles emanating from the torch might have reacted with atmospheric
oxygen in the reaction chamber. The objectives of the current work are
(1) to test the effect of filling the reaction chamber with argon instead of
air and (2) to make a number of minor changes in the experimental system
to improve operability.

Most of the equipment modifications have been completed, and
brief trial runs have been made with argon gas in the reaction chamber.
Some operating difficulties were encountered with the electrical supply to
the plasma torch, and after the most recent trial run a quartz plate that
supports the torch and insulates it from the reaction chamber was found to
be cracked. Despite these difficulties, the product from this run (No. 14)
had a significantly lower oxygen content than did products of the prelimi-
nary runs, indicating that replacement of air in the reaction chamber with
argon is helpful.

Analysis of samples of the products from recent runs indicated
the presence of alpha-UC,, which is not a desirable constituent of a reactor
fuel. If alpha-UC, is found in the products of future runs, methods for its
elimination will be sought. The plasma-torch equipment is being modified
to correct component failures and is being readied for additional runs to
establish equipment reliability.
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IV. NUCLEAR SAFETY RESEARCH AND DEVELOPMENT

A. LMFBR Safety--Research and Development

1. Reactor Control and Stability

a. Reactor Stability and Stability Design Criteria for Spatially
Dependent Systems (C. Hsu)

Last Reported: ANL-7618, p. 122 (Sept 1969).

(i) Nonlinear Model. Quasilinearization techniques are being

applied to the multigroup space-time neutron-diffusion equation. These
techniques are being incorporated into the LARK3* computer code, which
solves the linear two-group space-time-dependent neutron-diffusion equation.
To obtain a better model for the reactor system, it often is necessary to in-
clude nonlinear terms in the neutron-diffusion equation. Inclusion of non-
linear terms requires an iterative solution coupled with smaller spatial and
temporal grid values in the finite-difference equations of the system. These
changes will increase the computational time substantially.

Using quasilinearization techniques, one obtains an iterative
method to solve the nonlinear equations; however, the convergence is quad-
ratic in nature. Thus, computational time is reduced in the iterative calcu-
lations. Also, the quasilinear approach allows one to maintain the linear
form of the LARK3 code.

b. Transfer-function Techniques to Measure Large Fast Reactor
Stability (L. Habegger)

Last Reported: ANL-7548, pp. 116-117 (Jan 1969).

A study of linear homogeneous LMFBR system stability has been
made using the root-loci method.** The objectives of this study were: (1) to
determine the linear stability at operating conditions for an LMFBR system
currently under study, and (2) to determine the sensitivity of the stability

condition (system relative stability) with respect to the variation of system-
feedback parameters.

The reactor model considered is a one-energy-group, one-
delayed-group model with two temperature feedbacks. The homogeneous
parameters used in the analyses are based on the typical design parameters

*Rhyne, W. R., and Lapsley, A. C., Numerical Solution of‘the Time- and Space-dependent Multigroup Neutron
Diffusion Equations (to be published in Nuclear Science and Engineering).
**Hsu, C., and Habegger, L., Root-Loci Approach in the Study of Stability of Linear Homogeneous Space -
Time Reactors, IEEE Nuclear Science Symposium, (Oct 1969).




of an LMFBR system. Parametric studies have been made for cases in
which all the parameters are fixed except the magnitude and signs of the
temperature-feedback coefficients under the condition that the total feed-
back reactivity is always negative. The results of these studies showed
that the system will be asymptotically stable if there is no anomaly, but
might become unstable if anomalies, such as partial reduction of coolant
flow, occur. However, for this model, no higher-mode oscillation can
develop if the fundamental spatial mode is stable.

The study of the relative stability (obtaining the eigenvalues of
the various spatial modes) has indicated that the system relative s:iability
is sensitive with respect to the respective sign of the two reactivity feed-
backs rather than the combined magnitude. The results have also shown
that the dominant eigenvalue does not always correspond to the fundamental
spatial shape. It is concluded that it is important to study the detailed
spatial feedback model and, in particular, to include cases where the various
feedbacks are space-dependent (for example, nonuniform feedback due to
fuel-element bowing).

2. Coolant Dynamics (J. F. Marchaterre)

a. Sodium Expulsion (R. M. Singer and R. E. Holtz)

Last Reported: ANL-7632, pp. 129-130 (Oct 1969).

(i) Static Expulsion Tests

(a) Collection and Analysis of Data from Initial System.
Much data have been obtained on the vapor-growth rate of initially static
nonuniformly superheated sodium, including the incipient-boiling super-
heat and transient pressures associated with vapor growth and collapse.
These data are being reduced and analyzed to determine if sufficient infor-
mation is available from this specific test series.

Some steady-state boiling data are being obtained for
comparison with published data. A series of tests designed to examine the
theoretical prediction of the heat-flux effect on the incipient-boiling super-

heat are being planned.

(ii) Forced-convection Expulsion Tests

(a) Preparation of Transient Test Loop. Work is continuing
on the installation of general loop instrumentation. The test section has been
fabricated, and is being instrumented with pressure taps, thermocouples,
voltage taps, and flowmeter connectors. Initial circulation of sodium in the
loop is expected to commence within 6-8 weeks; loop debugging will follow.




3. Fuel Meltdown Studies with TREAT

a. Experimental Support (C. E. Dickerman)

Last Reported: ANL-7632, p. 137 (Oct 1969).

(i) Safety Aspects of the Elevated Temperature Behavior of
DC-200 Silicone Cooling Oil Used with the Mark-II TREAT Sodium Loop.
DC-200 dimethylpolysiloxane (silicone) oil is used as an auxiliary coolant
for the Mark-II TREAT sodium loop, to cool the Annular Linear Induction
Pump (ALIP) and the loop freeze plugs. As part of the loop development,
an analysis was made of the chemical stability of the silicone oil under
"operating accident" conditions of (1) rupture of silicone lines with dis-
persal of silicone on hot loop parts, and (2) silicone flow stoppage in the
ALIP. After review of the available chemical data, it was concluded that
the oil presented no hazards of overpressure or overheating of loop parts
due to silicone decomposition and combustion for the following reasons:

(1) The decomposition of the oil is endothermic, requiring
a heat source to sustain it.

(2) External heat must also be supplied to sustain com-
bustion of these compounds or their decomposition products.

(3) The surface of the loop can, at a nominal 200°C, repre-
sent the coldest portion of the system, and as such affords a condensation
surface for the decomposition or distillation products of the higher-
temperature oil. Consequently, this condensation reduces the pressure of
the loop system.

It was concluded under these assumptions that the pressure from the decom-
position of the coolant oil would be less than 15 psi.

These conclusions were supported by results of a test
performed during the testing period prior to the high-pressure proof test
of the prototype loop (see Progress Report for January 1969, ANL-7548,
pp. 124-127). In that test, the oil was heated to 950°F in the ALIP shell by
valving off flow to the ALIP from the unit for cooling the silicone. During
the time the oil was stagnant, heat was supplied for the loop and for the
ALIP operating at 1.5 kW. No damaging overpressures resulted, but an
epoxy seal (not used on pumps other than the prototype) developed a leak
which allowed silicone to spill on the hot loop. While the oil was observed
to smoke, no ignition, explosion, or significant damage was found.

During the safety review of the Checkout-1 Mark-II loop
experiment, the experimenters were requested to supply additional infor-
mation on silicone behavior under these conditions. Accordingly, a simple
but quantitative survey experiment has been performed on pressure
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generation of silicone oil in a closed system. A given quantity of silicone
was heated in a closed copper tube with argon cover gas above the silicone
surface. The nominal room-temperature volume of the silicone for each
run was 36.9 cc, and the nominal room-temperature value of argon was
73.9 cc. The silicone occupied a cylindrical volume about 15 cm long, with
a thermocouple well extending down from the top surface half way (i.e., to
8 cm from the bottom of the cylinder). In order to effect good contact be-
tween the thermocouple and well, some silicone oil was added to the well.
The thermocouple was always wet after removal from its well after each
run, even though some smoking of the oil in the well was noted at temper-
atures above 650-750°F. Pressures were measured as a function of oil
temperature during each run. The pressure of the compressed, heated
cover gas was computed and subtracted from the total in order to obtain
the partial pressure of the hot silicone. Pressures were measured after
post-test cooling. After the last run (maximum temperature of 883°F) the
post-test pressures were measured to be in excess of the original argon
pressure of one atm by only 1.2, 1.0, and 0.6 psi at cooling times of 1.5, 2,
and 18 hr, respectively.

These tests showed that the pressure due to the vapor or
decomposition products from the ALIP coolant was about 25 psi at a tem-
perature below 800 to 880°F. Consequently, the total pressure which could
be attributed to the vapor and decomposition products from the pump-
cooling oil was moderate for the temperatures studied.

(ii) Shipping Cask. The vendor shop drawings of the TREAT
Mark-II-loop shipping cask were reviewed, and comments were forwarded
to the vendor. The revisions of the drawings required to comply with the
comments are in progress and are expected to Be completed during the week
of December 1, 1969. The design analysis of the cask is being reviewed and
updated to reflect minor design changes. This review is expected to be com-
pleted during the next reporting period, so that the entire package (drawings
and analysis) can be forwarded to the AEC for approval.

Shop work on modifications to the special form containers
necessary to comply with the regulations has been completed. The special
form containers now can be used as DOT Spec. 7TA containers for shipments
of Type A quantities of nonfissile radioactive material, or as containers for
encapsulation of fissile or nonfissile material for shipment as "special
form" material.

(iii) Proof-test of the Mark-IIB-3 Integral Sodium TREAT Loop.
Prior to experimental use in the meltdown studies of fast reactor fuels in
the TREAT facility, each of the Mark-II integral sodium loops is subjected
to a proof-test, as prescribed by the ASME code.* For this test, the loop

*Sect. 111, Nuclear Pressure Vessels, Boiler and Pressure Vessel Code.
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must be fully outfitted with external heaters, ALIP sodium driver, cooling
lines, insulation, and sensor circuits, to permit pressure testing of the loop
to 125% of its rated pressure, while operational at the device's rated
temperature.

On November 8, 1969, the second Mark-II integral sodium
loop (the "B-3") was proof-tested to 5000 psig (340 atm) while at 1000°F
(538°C). The test was pneumatic, using high-purity argon, since the required
normal fill of 1300 cc of sodium results in a gas-filled volume of about
600 cc. The contained sodium is pumped through the loop proper at a low
flow rate, sufficient to ensure the establishment and maintenance of the
distribution of temperature to be realized during experimental operation of
the facility.

For the test, the Mark-IIB-3 loop was suspended from the
jib-crane outside the west door of Cell 6, the high-bay of Building 316,
inside a split hinged can with the bottom of the hinged test can resting on
the ground, against the loading dock. All control, power, cooling, and
pressurization equipment was located just inside the partially raised loading
door.

The sequence of the test was essentially uneventful. During
the heatup phase of the test, as the loop temperatures exceeded 500°F, wisps
of white vapor or "smoke" began to appear above the top plate and around the
unsealed through-connector hole for the test-section thermocouples, and
continued to be emitted as the loop neared and attained test temperatures.
This vapor emission was noted to have the color and magnitude typical of
normal bake-out of the organic binders and adhesives present in the glass-
tape sections used to hold leads and lines in place for permanent anchoring.
A small leak of silicone coolant could also have contributed to the smoke.
After the proof test, the can was opened, and residual silicone fluid was
found on some of the Swagelock connectors, with some visible deposits of
thin, finely divided sileaceous powder on the interior walls of the can. The
fluid leak was traced to one of the hose connections outside of the loop can,
above the top plate; all connections within the loop can were tight. No
damage of any kind was found, in good agreement with the developmental
test results from the prototype loop.

During the pressurization of the loop, the argon pressure
was raised from the full-bottle value by means of the DYNAIR gas-pressure
intensifier. The full pressure of a bottle of argon gas was applied to the
dump tank, to prevent pressuring the burst disc when the test pressure
exceeded the disc-rupture rating. The differential pressure across the

burst disc between the loop and the dump tank was held to a maximum of
3000 psig.



Following the test, extensive examination of the loop re-
vealed no evidence of any distortion or deformation. Throughout the proof-
test operation of the loop, all control and instrument components functioned
properly,

(iv) Pressure Transducers for the Mark-II Integral Sodium
TREAT Loops. Very little developmental work has been done ontransient-
pressure instrumentation for high-temperature liquid-metal systems, either
by the manufacturers of pressure transducers or by research organizations.
Such instrumentation as exists for liquid-metal-filled systems has required
adaptation of conventional, commercially available transducers developed
for steam, process liquids, or rocketry; for remote-reading, slow-response
demands, this has presented no problem, even in the extreme environments
of operating nuclear reactors. However, the requirement of transient
instrumentation for close-coupling of the sensors to liquid-metal-filled
facilities at elevated temperatures and in high-level radiation fields renders
the adaptations extremely difficult.

At ANL, some success has been realized in the application
of readily available pressure transducers to sodium loops,* with the result
that useful experimental pressure data has been obtained from the meltdown
studies of fast reactor fuels in the TREAT facility.

At the time of the preparation of the Mark-I Integral Sodium
TREAT loops, the pressure transducers considered to offer the best overall
characteristics for adaptation to the sodium-filled flow system were un-
bonded strain-gage bridge sensors. There were several competitive trans-
ducers, essentially of the same type, and differing only in the method of
strain-gage support within the transducer body.' The 1/2— to 5/8—in.-
diameter transducers selected were attached to the system by means of a
tubular MaK -filled stand-off technique, to provide physical isolation of the
sensor diaphragm, and a thermal isolation of the transducer as a whole
from the high-temperature environment of the loop.

The sensors used for the Mark-I loop had been successfully
used in steady-state nuclear radiation fields at LASL. They consist of un-
bonded strain wires, wound on insulating posts between opposing double star-
springs which are mechanically coupled to the actuating diaphragm, as the
active arms of a resistance bridge, with the inactive arms made of the same
strain wire and wound on fixed supports anchored to the transducer-housing

base.

During meltdown experiments in the TREAT facility using
the Mark-I loops, these transducers furnished usable pressure-pulse data,
but exhibited spurious electrical imbalance as a result of the extreme

*Robinson, L. E., and Purviance,R, T., Pressure Transducers for TREAT Sodium Loops, ANL-7107 (June 1969).




radiation levels, as high as 40% of full scale. Pressure pulses having rise-
times of 1 to 5 msec, and amplitudes to greater than 200% full range (with
150-psig sensors) were recorded. Permanent deformations of the trans-
ducer diaphragm, which resulted in post-transient unbalance equivalent to
negative pressures of 60 psig, were experienced, without destroying the
function of the transducer.

The high radiation sensitivity of these unbonded strain-gage
transducers resulting in large, smooth, relatively consistent spurious output,
with well-defined characteristic shapes* prompted a continuing search for a
pressure transducer better suited to the environment of high-power-density
sodium-cooled reactors.

Thus, for the Mark-II integral sodium loop, a variable-
impedance transducer, developed for blast instrumentation, seemed to offer
the desired properties, including

) (~3% at 10® nvt)

) high-frequency response (>40 kc, natural frequency)
) high-temperature rating (600°F, operational)
) (
) (

T

low radiation sensitivity

B W o

high electrical output ~40 mv FS)
5) sodium compatibility no mechanical coupling)

The variable-impedance model chosen was a standard
unit, modified with the inlet nozzle jacketed with a copper radiator, for use
with the NaK-filled loop stand-off.

Calibrations of the transducers with NaK eddy-current
coupling, and subsequent bench tests, indicated the devices to perform as
specified and predicted. However, on the actual application of the sensors
to the Mark-II loops during outfitting, defects were found to have developed
in 62% of the transducers purchased. The sensing-coil leads were broken
at the point of connection of the coil wire to the lead wire. This connection
has been silver-soldered, the flux not removed, and breakage occurred as a
result of flux corrosion, enhanced by mechanical stresses introduced by
assembly techniques.

In addition to the coil-lead breakage, the 0.062-in,-diameter,
MgO-insulated, stainless steel-sheathed Nichrome wire used as the coaxial
cable connection to the pressure transducer proved to be extremely difficult
to seal against moisture, under the best of conditions. Normal handling of
the cable after sealing effectively destroyed the integrity of the seal. The
1-Mc excitation of the transducer, tuned for phase-shift detection of minute
changes of impedance stemming from variation in the magnetic-coupling
feedback between diaphragm and sensing coil, was found in practical use to

* z : v
Each transducer had to be "calibrated" for its radiation response separately.



be inc redibly sensitive to even picofarad changes in circuit capacitance, and
to drift erratically in a static setup. Large, erratic, zero shifts and extreme
sensitivity to temperature gradients were encountered routinely with all
units. Other problems of the variable-impedance transducer included addi-
tional deterioration in storage, sensitivity to necessary shipping shocks,

and frequent failures of the oscillator-demodulator excitation-output module.

During a preliminary transducer test in TREAT, avariable-
impedance pressure transducer exhibited ~30% full-scale radiation spurious
signal.

Following the problems with the variable-impedance
pressure transducer, a used, obsolete transducer was obtained; this unit
was originally designed to resist radiation effects. It is an unbonded
strain-gage bridge transducer, similar to the ones used earlier on the
Mark-I loops, but fabricated wholly with radiation-resistant inorganic
materials.

For the two checkout tests with the Prototype Mark-II inte-
gral loop* the variable-impedance transducer was used at the test-section
outlet, and the obsolete strain-gage transducer was used at the test section
inlet. The latter sensor showed ~10% full-scale radiation sensitivity
(improvement by a factor of 4 over the units used on the Mark-I loop, for
similar exposure). This strain-gage sensor has proven to be uncomplicated
in use, with low sensitivity to thermal gradients.

Since the inlet transducer on the prototype loop had been
replaced in the manufacturer's line by a more "advanced" device, one of
the "improved" transducers was subjected to a TREAT power transient.
Although this sensor (according to manufacturer's data) had surpassed, in
all respects, the earlier model in performance in a number of power-
generating, steady-state nuclear reactors, the new device with its thin-film
strain bridge responded to the short-time, very high radiation of TREAT
with a wildly erratic electrical output signal of extreme amplitudes.

Apparently, the extreme burst radiation of the transient
caused the thin ceramic substrate of the thin-film strain element to act as
a semiconductor, producing successive avalanches of charge between input
and output.

Arrangements have been made for procurement of 10 trans-
ducers of the same model used at the inlet of the Prototype loop. Unlike the
transducers used on the Mark-I loop (or the variable-impedance trans-
ducers), these do not always require auxiliary cooling. Auxiliary cooling

*See Reactor Development Progress Reports for July, September, and October, 1969 ANL-7595, p. 116;
ANL-7618, p. 128; and ANL-7632, pp. 131-134,
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had been required routinely on both Mark-I and Mark-II loops to elim-
inate electrical unbalance due to temperature gradients in the transducer.
The inlet transducer on the prototype loop was run without cooling.

b. TREAT Operations (J. F. Boland)

(i) Reactor Operations. The final transient tests were run on
ORNL experiments TR-1 and TR-2 containing stainless steel-clad sphere-
pac and pelleted PuO,-UO, fuel. Post-transient neutron radiographs were
made of the experimental capsules, and the capsules were shipped to ORNL
for disassembly.

A group of experimental capsules was neutron radiographed
for INC.

The reactor has been shut down since Nov. 4 to permit
TREAT personnel to assist the EBR-II Project during their shutdown.
Concurrently, modifications are being made to the TREAT instrument room
for installation of equipment for the automatic control system, and some of
the existing TREAT control-rod-drive mechanisms are being overhauled.

(ii) Development of Automatic Power-level-control System.
The contractor has finally received acceptable cylinders for the hydraulic
actuators, and delivery of the hydraulic control-rod-drive system is sched-
uled for mid-January.

4. Violent Boiling (R. O. Ivins)

a. Particle Heat-transfer Studies (D. R. Armstrong)

Last Reported: ANL-7595, p. 120 (July 1969).

The first draft of the work plan for this work has been
completed.

b. Violent Boiling with Molten Fuel and Sodium (D. R. Armstrong)

(i) Pressure-generation Experiments by Dropping Molten
Material into Coolant

Last Reported: ANL-7606, pp. 132-133 (Aug 1969).

An operable induction-coil design has been developed for
use in melting UO, for studies of the soditm-UO, interaction. Several
trial experiments used a tungsten crucible equipped with a plug valve at
the bottom. In these tests, the crucible was filled with 40 gm of UO, and
heated to ~200°C above the melting point of UO,. In the most recent



€Xperiment the plug could not be pulled from the crucible to release the
liquid UO,. This malfunction might be due either to sintering together of
the valve components at high temperatures, or to a high viscosity of liquid
UO,. The crucible will be sectioned and examined to determine which
effect predominated.

The drop-experiment apparatus is being removed from the
furnace chamber in preparation for the installation of equipment to be used
for injecting liquid sodium into UO,. A second work station for the 100-kW
induction generator has been installed in a helium-atmosphere module
Cenham glovebox, and a UO, drop experiment is being set up in this glove-
box. An open-top tungsten crucible will be heated inductively, then rotated
180°, to drop the contents into a pool of sodium.

5. Post-accident Heat Removal (R. O. Ivins)

a. Engineering Analysis (J. C. Hesson)

Last Reported: ANL-7618, p. 135 (Sept 1969).

(i) Thermally Stable Fuel-debris Configurations in Sodium.
Analyses of heat removal from collapsed or molten cores under liquid
sodium are continuing, and include studies of sizes and geometries of
"thermally stable" configurations, i.e., configurations that are in thermal
equilibrium with surroundings and do not erupt because of internal boiling
or undergo significant geometry changes.

In the cases of spheres, cylinders, and slabs where there
is no internal convection due to circulation (heat transfer by conduction
only), the maximum diameters or thickness of these shapes to avoid in-
ternal boiling are:

24 k(T - T
Sphere d = __(L_S);
q
2 16 k(T,, - T
Cylinder d = _(b_s_);
q
- T
Slab d = ﬂzg_i),

where d = diameter or thickness (cm), k = thermal conductivity of fuel
material (assumed equal for liquid and solid) (ca.l/sec-cm-°C), Ty = boiling
temperature (°C), Ty = surface temperature (°C), and q = decay heat rate
(cal/sec-cm’). Computed values of d as a function of q for k = 0.005 cal/
sec-cm-°C, Ty = 3179°C, and T, = 900°C are shown in Fig. IV.A.1,
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In the case of a horizontal slab, calculations of the effect
due to internal circulation of the molten fuel material were made. These
calculations used the following values for molten fuel material: T; = freez-
ing temperature, 2842°C, p = density, 8.7 gm/cm3, Cp = specific heat,
0.114 cal/gm—°C, K = viscosity, 0.01 poise, and B = coefficient of thermal
expansion, 107* cm3/cm3—°C.

Calculations were made by using a modification of cor-
relations for heat transfer by convection between horizontal plates.

Values of the calculated thickness d for the slab are shown
in Fig. IV.A.1 and illustrate the effects of convection in the horizontal slab.
Note that the effects become more pronounced at lower rates of decay-heat
generation.

Analytical work is being continued.

B. Engineered Safety Features--Safety Features Technology--
Research and Development--Containment

1. Hydrodynamic Response to High-Energy Excursion (Y. W. Chang)

Last Reported: ANL-7618, pp. 135-138 (Sept 1969).

a. Automatic Rezoning of Code to Extend Excursion Treatment
into Sodium-momentum Domain

Not previously reported.

The REXCO-H Code works well in the shock-wave domain and
in the early part of the liquid-momentum domain. However, as meshes
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become severely distorted, the computer results become inaccurate. Re=
zoning of the Lagrangian meshes was considered a possible remedy fopsthese
difficulties., It was decided to develop a rezoning method and a computer
code so that the rezoning can be accomplished automatically by the computer.

The rezoning code will be written entirely independently of the
hydrodynamics code. The hydrodynamics code would be run with the pure
Lagrangian code; when the mesh begins to get somewhat distorted, it would
be stopped, and the rezoning code would take over and smooth out the mesh;
there would be no time change during the rezoning operation. The smoothed
mesh would be passed back to the hydrodynamics code for more calculations.
By this process of infrequent use of the rezoning, it is hoped that the mesh
distortions can be alleviated sufficiently to permit the problem to run
satisfactorily.

There are disadvantages in the rezoning process. For example,
after rezoning, the original outlines of the interfaces are destroyed, and the
displacements of the Lagrangian grids are no longer the actual movements
of the particles. Moreover, the transport of material from one zone to
another as a result of rezoning often creates difficulties in the formulation
of the equation of state if two zones are made of two different materials.
After careful study of the patterns of zone deformation, it was found that the
zones at the interfaces of two media having different physical properties
were usually deformed first. Thus, if the distortions at such interfaces can
be eliminated or slowed down, the hydrodynamics computation can be ex-
tended to a much longer time without the use of the rezoning process.
Therefore, as an intermediate step to extend the computation time, two
methods have been developed: (1) a single-line-vessel method, which
permits a reactor vessel to be represented by a single line and which per-
mits sodium to slide freely along the vessel wall and thus eliminate zone
distortions, and (2) a nearest-neighbor-hydrodynamics method, which
permits the pressure gradients to be calculated from the nearest neighbor
mesh points and thus to reduce the inaccuracy of the finite-difference ex-
pression introduced from zone distortions. Both methods have been pro-
grammed in FORTRAN and are being studied.

b. Selection of Temperature-dependent Equation of State

Not previously reported.

The objective is to select a suitable equation of state for reactor
materials that not only relates the thermodynamic variables [pressure, tem-
perature (or energy), and volume], but also contains temperature-dependent
parameters. A study of available types of equations of state indicates that,
for pressures below several hundreds of kilobars, the most suitable
equation of state for steel and sodium is the Murnaghan* equation of state:

*Murnaghan, F. D., The Compressibility of Media under Extreme Pressures, Proc. Nat. Acad. Sci,, 30, 244-2417
(1944).
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where P is the pressure, V and V; are the deformed and undeformed vol-
umes, respectively, and Bo and Bj are the bulk modulus and its pressure
derivative, respectively. This equation was first derived by Murnaghan in
a different form. In Murnaghan's original derivation, By and Bj are two
constants corresponding to a fixed temperature, usually room temperature.
Here, this equation has been generalized to arbitrary temperature by
assuming By and B) to be temperature-dependent parameters.

The advantage of using this type of equation of state is that the
P-V curve can be determined easily from By and Bj, whichare generally
available. Also, the temperature dependence of B is very small. Where the
temperature dependence of Bj isnot known, By canbe taken to be constant and
estimated from the Mie-Gruneisen coefficient y. Thus, P-V curves at var-
ious temperatures can always be evaluated if the values of B, and 7y are
known. The analytic expression of By for Type 304 stainless steel is

By = 507.773192 + 4.29589426T - 5.53011636 x 10-3T?

+1.72803701 x 1076T3  for 366 < T < 1530, (2)

and for liquid sodium is
B, = 74.7680242 - 5.0457584 x 107%T

+9.70732025 x 1076T2 " for'372'< T < 1650, (3)

where B is in kilobars and T is in °K. The values* of B, are least-squares
fitted by use of the computer. The temperature dependence of Bj for

Type 304 stainless steel and liquid sodium in not known. For the present
investigation, they are taken to be 5.0 and 3.59, respectively. FigureIV.B.1
shows two P-V curves for sodium, one at 372°K and the other at 1650°K,
plotted from Eq. (1) using values of By and B} as given by Eq. (3). At high
temperature, sodium becomes extremely compressible.

300 —

il T=372°K,

B=57.4 +3.50P Fig. IV.B.1

P-V Curves for Sodium at
T = 372 and 1650°K

Pressure, kbar

100

04 0.5 0.6 0.7 0.8 09 1.0
Relative Volume, V/V"7

*
Garofala, F., Temperature Dependenceof the Elastic Moduliof Several Stainless Steels, Proc. ASTM, 60,738
(1960);Golden, G. H., and Tokar, J. V., Thermophysical Properties of Sodium, ANL-7323, (Aug 1967) pp. 95-100.
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